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ABSTRACT. 
An attempt has been made to see whether there is a 
basic charge separation process which operates between ice and 
water when they are moving re la t ive to one another. Measurements 
have also been made on the po ten t i a l differences produced between 
ice and water under a va r i e ty of d i f f e r e n t conditions and the 
e f f e c t on the po t en t i a l differences of having a i r bubbles w i t h i n 
the ice/water in ter face has been studiedo 
Apparatus i s described f o r the measurement of the elec-
t r i c a l e f f ec t s on f reezing and melting bulk samples of water. No 
evidence has been found f o r a charge separation process whicsh 
operates only when water moves re l a t ive to ice at the freezing 
pointo However, the resul ts show that at f reezing rates of 
10 yum s"^  and above that the mechanism proposed by Workman 
and Reynolds (1950) i s responsible f o r the major i ty of the net 
charge separated, whereas, at very low f reezing rates or on 
mel t ing , the Temperature Gradient Mechanism, proposed by Latham 
and Mason(1961) predominates. 
The relevance of the e l e c t r i f i c a t i o n of ice and water 
to the o r i g i n of e l e c t r i c a l charges i n clouds i s discussed, and 
explanations of the resul ts of e a r l i e r work on simulations of 
conditions i n clouds are put forward, i n the l i g h t of the 
resul ts obtained during the experintents w i t h bulk water sampleSo 
FOREWORD. 
The S . I . system of units has been used exclusively 
i n the experimental work described i n t h i s thesis . Occasion-
a l l y , other units have been used, f o r example, i n the discussion 
of the structure of ice and water, but only where comparisons 
are being made between two values of a parameter i n the same uni t s , 
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imODUCTION 
lo 1, The Nature of the Problem. 
E l e c t r i c a l a c t i v i t y i n thunderclouds seems t o arise as soon as the 
ice phase i s detected and h a i l o f ten accompanies thunderstorms. The 
sign o f the charge on f a l l i n g snow and, according to Bent and Hutchinson 
(1965) on l y i n g snow, changes when melting occurs. 
I n endeavouring to reconcile the widely d i f f e r i n g laboratoiy results 
of Reynolds, Brook and Gourley (l957) and Latham and Mason (I96I B) on the 
e l e c t r i f i c a t i o n of h a i l . Church (I966) detected a separation of e l ec t r i c 
charge when a simulated hailstone moving at terminal ve loc i ty i n a i r was 
struck by uncharged water droplets which shattered on impact leaving a 
glassy surface on the hailstone and producing several smaller droplets . 
I n general, the simulated hailstone became negatively charged on encoun-
t e r i n g droplets whose temperatures were below +2 °C and pos i t i ve ly charged 
on encountering droplets whose temperatures were above +2 °C. He found 
that the charge separated was a maximum f o r droplets at -3 °C, 
Bent and Hutchinson (I965) investigated the e l ec t r i c space charge 
density at heights of 1 m and 2 m over l y i n g snow and found an unusual 
e f f e c t on rap id melting of a snow surface over which a wind was blowing 
w i t h v e l o c i t y 7 t o 14 m s~^. The space charge density at 2 m was +6,3 pC 
m and at 1 m was -9e4 pC m~^. Normally the upper col lector registered 
the ssime sign of e l e c t r i c charge as the lower co l l ec to r . 
These resul ts may, perhaps, be explained i n terms of e i ther a charge 
separation mechanism which operates when l i q u i d water moves r e l a t i v e l y 
t o ice or some modif ica t ion of recognised charge separation processes 
2. 
caused by motion of the water. I t i s the purpose of the present work 
to invest igate these p o s s i b i l i t i e s . 
I . 2 . The Thunderstorm. 
The e l e c t r i c charge separation processes i n thunderclouds are more 
e f f e c t i v e than i n other types of cloud. Many of the laboratory exper-
iments on charge separation processes have attempted to simulate con-
d i t i ons i n clouds and, i n order to compare the resul t s of the laboratory 
experiments w i t h measurements made on natural clouds, i t i s necessary to 
have some idea o f the p reva i l i ng condi t ions. Since there i s a wide 
v a r i a t i o n i n the character is t ics of , and conditions within,thunderstorms, 
great care should be exercised i n applying resul ts obtained during one 
pa j r t icu lar storm to thunderstorms i n general. 
The most intensive study of cumulonimbus clouds which developed 
i n to thunderstorms was that of Braham and Byers (1949). Using both radar 
and a i r c r a f t measurements, they showed tha t a cumulonimbus cloud consists 
of one or more loca l i sed regions of pronounced p r e c i p i t a t i o n , v e r t i c a l 
wind v e l o c i t y and e l e c t r i c a l a c t i v i t y . These act ive regions or ce l l s va r i ed 
i n size from 0«5 km to 10 km i n hor izonta l extent, although Kuettner (1950) 
has pjToposed the existence of sub-cells which may be only o f the order of 
100 m diameter. According to Byers and Braham the ce l l s go through three 
stages of evo lu t ion , 
( i ) A cumulus phase, w i t h updraughts t h r o u ^ o u t . 
( i i ) A mature phase, when a strong updraught i s surrounded by a 
region of down-draughts and there i s intense p r e c i p i t a t i o n and e l e c t r i c a l 
a c t i v i t y . 
( i i i ) A d i ss ipa t ing stage, when the down-draught spreads t h r o u ^ o u t 
the en t i re c e l l . 
3c 
Workman and Holzer (1942) reported that the updraught sometimes displays 
a pulse- l ike nature and may have a ve loc i t y of up to 50 m s~\ although 
10 m s~^  i s said t o be more t y p i c a l . 
H a i l may f a l l from regions of the c e l l where the updraught i s too 
weak to support i t and may reach the ground e i ther as h a i l or r a i n . 
Usually, the h a i l i s i n the form of rounded or conical shapes of from 
4 t o 6 mm across, although very large hailstones do occur, pa r t i cu l a r l y 
i n association wi th very active thunderclouds. Rates of p rec ip i t a t ion 
of h a i l of iqj to 5 cm hr"^ have been reported. During the l a t e r stages 
of the storm, the h a i l may give way to snow. 
Most thunderclouds are characterised by t h e i r great v e r t i c a l depth, 
which may be up to 10 km and the wide temperature range which th i s must 
necessarily invo lve . The bases are normally warmer than 0 °C and the 
tops may extend beyond the - hO°C isotherm. Often the cloud top coMists 
of an anvil-shaped mass o f ice crystals but Moore (1965) has reported 
l i g h t f n i n g a c t i v i t y from clouds having d i f f e r e n t physical dimensions and 
appearances f rom t h i s p ic ture and whose tops were said t o be warmer than 
0°Cc 
Mary models have been proposed f o r the d i s t r i b u t i o n of charges 
w i t h i n a thundercloud, Wilson (1925) showed that the cloud may be 
regarded as a simple dipole w i t h the posi t ive pole uppermost, provided 
tha t i t i s observed frem a horizontal distance much greater than the 
height of the cloud and the separation of the charges. Simpson and 
Robinson's resul ts ( I 940) also suggested tha t the cloud i s usually of 
pos i t ive p o l a r i t y but they found some evidence f o r a region of posi t ive 
charge i n the base. The exact loca t ion of the posi t ive charge i s said . 
4. 
by Williams (1958), to be i n the updraught of the f r o n t of the cloud and 
close to the sharp boundary of the f r o n t of the p r e c i p i t a t i o n zone, 
occupying a width of the order o f 1 km i n the d i r e c t i o n of motion of the 
cloud. 
The precise locations of the main upper pos i t ive and lower negative 
centres of charge are not known. Malan and Schonland (l951) used f i v e 
d i f f e r e n t methods to show that successive l i gh ten ing strokes come from 
charge centres l y i n g at increasing heights , probably i n the same v e r t i c a l 
column but Brook (1969) states tha t the evidence f o r a v e r t i c a l d i s t r i b -
u t ion of charge centres i s not conclusive and tha t there is some evidence 
t o suggest tha t the pos i t i on o f the charge centres depends on the d i r e c -
t i o n of motion of the cloud and the angle of the main up- and down-draughts 
to the v e r t i c a l . Browning (1968) has shown that the up- and down-draughts 
are o f t en not v e r t i c a l and may be at d i f f e r e n t i nc l i na t ions to each other. 
However, i t i s generally true tha t the pos i t ive charge centre l i e s at a 
higher a l t i t u d e than the negative. (See Table 1.1) 
1.3. rSeories o f Thtmderstorm E l e c t r i f i c a t i o n , 
Many theories of thunderstorm e l e c t r i f i c a t i o n have been proposed. 
They may be divided in to three main classes according t o the way i n which 
the charges are separated, 
( i ) Class ica l ; i n which the charge i s separated by the i n t e r -
ac t ion of i n i t i a l l y neutra l cloud p a r t i c l e s , 
( i i ) Inf luence J i n which the pos i t ive and negative charges are 
avai lable as atmospheric ions , 
( i i i ) Convection; i n which the o r i g i n of the charges i s outside 
the cloud. 
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+24 C 6 km *39C -9-5km H40C 10 km 
CHARGE 
CENTRE ^ 




+4C 1-5Km • 1-10C 2 Km 
TABLE 1.1. Charge Distribution in 
Thunderclouds. 
Theories have also been proposed which are combinations of these mechan-
isms. 
The v i a b i l i t y of many of these theories depends on whether the elec-
t r i f i c a t i o n i s caused by p r e c i p i t a t i o n . I n observations on twelve thunder-
storms ^  Worlanan and Reynolds (1949) observed that radar returns indica t ing 
the prescence o f large par t i c les w i t h i n the cloud occurred several minutes 
before p r e c i p i t a t i o n was v i s i b l e or e l e c t r i c a l a c t i v i t y was evident. They 
also noted tha t the top of the "radar cloud" descended at about the time 
e l e c t r i c a l a c t i v i t y , i . e . l i g h t n i n g discharges, began. However, Moore 
(1965 A & B ) , while agreeing that a radar echo can always be detected i n 
clouds before the occurrence of l i g h t n i n g , states that the strength of the 
echo indicates that p r e c i p i t a t i o n i s only present w i t h equivalent in ten-
s i t i e s o f , t y p i c a l l y , 1 t o 3 ™ hr~^ i n stagnant a i r . Since the r a i n echo 
strength increases a hundred- or a thousand-fold w i t h i n 10 to 20 s a f t e r 
the i i ^ t n i n g discharge, he i n fe r s that l i ^ t n i n g i s the cause rather 
than the resu l t o f the intense p r e c i p i t a t i o n . This i s obviously an issue 
which w i l l not be f i n a l l y s e t t l ed without many more invest igat ions. 
Chalmers (I 965) states that i f i t i s accepted that p r ec ip i t a t i on 
plays a necessary paris i n the process of separation of the main charges 
i n the thundercloud, any theory to account f o r t h i s must s a t i s f y cer ta in 
conditionse 
( i ) The process must give a pos i t ive upper and a negative 
lower charge. 
( i i ) The process must give a rate of separation of charge of up 
to several amperes. 
( i i i ) The process must operate at temperatures below the f reezing 
po in t . 
6. 
( i v ) The process must be connected w i t h p r e c i p i t a t i o n i n 
the s o l i d f o r m , 
( v ) I f the same process operates i n n imbo-s ta tus c louds , i t 
must do so much l ess e f f e c t i v e l y than i n cumulo-nimbus c louds . 
Prom these requirements and f r o m the need f o r any process sugg-
es ted t o f i t i n w i t h e x i s t i n g knowledge o f c loud phenomena, i n c l u d i n g 
the i n i t i a t i o n o f p r e c i p i t a t i o n , c e r t a i n general r e s u l t s can be deduced. 
I n the g r a v i t a t i o n a l s epa ra t i on i n space, f o r the heav ie r p a r t i c l e s , 
which must c a r r y down nega t ive charge, requirement ( i v ) suggests t h a t 
these must be s o l i d p r e c i p i t a t i o n p a r t i c l e s . The l i g h t e r p a r t i c l e s , 
c a r r y i n g a p o s i t i v e charge, must move upwards i n the r i s i n g a i r o f the 
s torm and m i ^ t be ions i n the a i r , o r c l o u d d r o p l e t s , o r f ragments o f 
wa te r o r i c e sma l l e r than the p r e c i p i t a t i o n p a r t i c l e s . 
I n o rde r t o account f o r ( v ) above, i t i s necessary t o p o s t u l a t e 
some p r o p e r t y o f the c l o u d , impor tan t i n charge s e p a r a t i o n , t h a t d i f f e r s 
between cumulo-nimbus and n imbo-s t r a tus c louds . 
The f o l l o w i n g i s a l i s t o f the names of those who have 
proposed t h e o r i e s o f c l o u d e l e c t r i f i c a t i o n d u r i n g t h i s c e n t u r y . 
1905 Gerdien 194B Rossman 
1909 Simpson 1 9 ^ V/orkman & Reynolds 
1913 E l s t e r & G e i t e l 1948 W a l l 
1929 W i l s o n 1955 Vonnegut 
1935 Gunn 1956 W i l s o n 
1937 Simpson & Serase 1957 Reynolds,Brook & Gourley 
1940 F i n d e i s e n 1961 Latham & Mason 
1 9 ^ Fre.nkel 1961 S a r t o r 
7c 
1 %(> Dinger & Gunn 1963 Magono & Takahashi 
1947 Grenet 19^5 Rei te rc 
A b r i e f o u t l i n e o f some o f these t h e o r i e s i n v o l v i n g the presence 
o f b o t h i c e and water i s se t out belowo 
l e 5 ( a )o Dinger and Guano 1946 
I n experiments on the e l e c t r i f i c a t i o n o f water and i c e on 
f r e e z i n g and m e l t i n g . Dinger and Gunn r e p o r t e d a charge separa t ion o f 
4o2 X 10""^^ C g"^ o f i c e mel ted w i t h the water becoming p o s i t i v e and 
t h e r e l eased a i r bubbles becoming n e g a t i v e l y chargedo This r a t e o f charge 
s e p a r a t i o n may be s u f f i c i e n t l y l a r g e t o e x p l a i n e l e c t r i c f i e l d s as great 
as those commonly encountered i n thunderstorms but the p o l a r i t y i s o f the 
wrong s i g n t o e x p l a i n the o r i g i n o f the main thunderstorm d i p o l e . However, 
i t has been suggested t h a t the charge acqui red by m e l t i n g h a i l con t r ibu te s 
t o the l ower p o s i t i v e charge i n thunderclouds o 
l o 3 (b ) Workman and Reynolds^ 1^48e 
Costa R i b i e r o (1945) d iscovered t h a t l a r g e p o t e n t i a l d i f f e r e n c e s 
were se t up between i c e and water on f r e e z i n g d i l u t e aqueous s o l u t i o n s « 
Workman and Reynolds (1948-50) a l so s t u d i e d the e f f e c t and a p p l i e d t h e i r 
r e s u l t s t o e l e c t r i f i c a t i o n o f c l o u d s » They envisaged t h a t an i c e c r y s t a l , 
formed b y s u b l i m a t i o n near the top o f the c loud , would f a l l and encounter 
supercooled d r o p l e t s a t a s u f f i c i e n t l y low temperature t o f o r m a r ime 
i c e - p e l l e t o r graiqpelo Growth by t h i s process would continue u n t i l a 
l e v e l o f about - 10°C or - 15°G was reached, where glaze i c e would fo rm 
upon t h e p e l l e t . I t would grow by t h i s process and i t s r a t e o f f a l l 
would increase r e l a t i v e t o t h e suspended, o r perhaps ascending, 3t5)er-
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coo led wa te rd rops . I n the r e g i o n o f about -10°C, i f c o n d i t i o n s were 
f a v o u r a b l e , these drops should impinge upon the c o l d , g lazed p e l l e t , and 
a p o r t i o n o f the water shou ld f r e e z e t o i t s sur face i n a t h i n l a y e r . 
The remain ing p o r t i o n o f the wa te r , because o f sp lash e f f e c t s and the 
v e l o c i t y o f the h a i l p e l l e t r e l a t i v e t o a i r , would become detached i n 
s m a l l drops c a r r y i n g p o s i t i v e charges which would be t r a n s p o r t e d i n t o the 
c l o u d above. E v e n t u a l l y the degree o f supercoo l ing o f the imping ing 
d r o p l e t s would decrease t o the ex ten t t h a t the h a i l s t o n e would cease i t s 
growth and s t a r t m e l t i n g , whereupon i t should share i t s negat ive charge 
w i t h the i i i5)inging d r o p l e t s and u l t i m a t e l y the charge would be reduced 
t oward z e r o . The n e g a t i v e l y charged d r o p l e t s would t h e n encounter more 
h a i l s t o n e s and t h e i r p r e v i o u s l y acqu i r ed negat ive charge should make i t 
p o s s i b l e f o r the new h a i l p e l l e t s t o acqui re s t i l l b i g g e r dieirges and so 
on . T h i s t h e o r y , t h e r e f o r e , p r e d i c t s t h a t the c l o u d w i l l have p o s i t i v e 
p o l a r i t y , t h a t the negat ive charge cen t re w i l l remain at about a constant 
h e i g h t and i t r equ i r e s t h a t the c l o u d must extend below the 0 °C i s o t h e r m . 
However, l a b o r a t o r y experiments by Reynolds e t eil (1957) and 
Latham and Mason (1961 B ) have f a i l e d to c o n f i r m t h a t s u f f i c i e n t charge 
can be separated by c o l l i s i o n s between a we t , s imu la t ed h a i l s t o n e and 
supercooled wa te r d r o p l e t s but Church (l966) observed t h a t a r o t a t i n g , 
i c e d probe became n e g a t i v e l y charged on encounte r ing d r o p l e t s whose 
temperature was below + 2°C and p o s i t i v e l y charged on encounter ing d r o p -
l e t s whose temperature was above + 2°C. He a lso noted t h a t the amount 
o f charge separated on these occasions was not s i g n i f i c a n t l y a f f e c t e d 
by h e a t i n g the probe w i t h an i n f r a - r e d lamp. T h i s t h e o r y and these r e s u l t s 
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w i l l be d iscussed more f u l l y a t a l a t e r stage, 
l o 3 (0 ) . The t h e o r y o f Reynolds, Brook and Gour ley . 1957« 
Prom t h e i r l a b o r a t o r y measurements, Reynolds e t a l . ( l 957 ) 
es t ima ted t h a t when i c e c r y s t a l s c o l l i d e d w i t h ha i l s t ones i a the presence 
o f water d r o p l e t s , the mean charge separated by a rebounding i ce c r y s t a l 
was O0I7 pC l e a v i n g the h a i l s t o n e n e g a t i v e l y charged. App ly ing t h i s 
r e s u l t t o a model thunderc loud c o n t a i n i n g a l i q u i d water content o f 
1 g m"^ suad a c r y s t a l concen t r a t i oa o f ic/*" m"-^, t hey showed tha t hed l 
i n coacen t ra t ions o f 10 g m"^, f a l l i n g at 10 m s"^ r e l a t i v e t o the i ce 
c r y s t a l s , was capable o f producing a 20 G discharge i n a c e l l 1 km i » 
d iameter i n about 14 minutes , I » a thundercloud o f volume 50 km"^, 
s u f f i c i e n t charge would bis separated t o account f o r the r e p e t i t i o n o f 
l i g h t n i n g d ischarges , 
Latham and Mason (1961 B ) performed s i m i l a r experiments and 
concluded t h a t the e l e c t r i f i c a t i o n o f ha i l s t ones by i ce c r y s t a l s was 
f i v e orders o f magnitude l ess than the r e s u l t s o f Reynolds et a l . , 
c l e a r l y i n d i c a t i n g t h a t the mechanism was i n s u f f i c i e n t t o explaim 
thunders torm e l e c t r i f i c a t i o n . Church (1966) found a dxarge separa t ion 
between these two values which was two orders o f magnitude l e s s t han the 
r e s u l t s o f Reynolds e t a l , , These r e s u l t s cou ld not be quaja ta t ive ly 
explai jaed i n terms o f the "Temperature Gradient Theory" (Latham and 
Mason 1961 A) a l though the s i g n o f the charge sepeiration was as p r e d i c -
t e d by t h i s t h e o r y . Church s ta tes t h a t any attempt t o produce c lo se r 
correspondence w i t h the r e s u l t s o f Reynolds e t a l , would be based on 
s p e c u l a t i o n . C l e a r l y , f u r t h e r work i s r e q u i r e d i n t h i s d i r e c t i o n . 
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I , 3 (d) ,The Theory o f Latham and Maspa. I 9 6 l , 
Latham and Mason (1961 B) i n v e s t i g a t e d the charge separated 
by the s h a t t e r i n g o f supercooled w a t e r d r o p l e t s on h a i l s t o n e s . They 
concluded t h a t the e l e c t j r i f i c a t i o n o f the average thundeircloud c o u l d 
be e x p l a i n e d by the s p l i n t e r i n g o f d r o p l e t s w i t h diameters i n the range 
Oo04 mm t o 0,1 mm on h a i l s t o n e s . They es t ima ted t h a t charge would be 
segregated at a r a t e o f 1 C km"^ m i a , " ' ' . However, t h i s r a t e o f charge 
s e p a r a t i o n may o n l y be 1% o f t h a t f o u n d i n v i o l e n t thunderstorms and 
t h i s has not been s a t i s f a c t o r i l y e x p l a i n e d , 
I , 3 (©) . R e i t e r ' s t h e o r v . 1965. 
A s u b s i d i a r y charge sepsuration mechanism was proposed by R e i t e r 
(1965). I t i s c l a imed t h a t a dtiarge s epa ra t i on o f 15 C km"^ min"' ' w i l l 
r e s u l t , 
R e i t e r showed t h a t apprec iab le q u a n t i t i e s o f n i t r a t e ions are 
produced i n clouds by s i l e n t e l e c t r i c a l discharges and t h a t the g r e a t e r 
t h « degree o f atmospheric i n s t a b i l i t y , the g r ea t e r the number o f ions 
produced. L a b o r a t o r y experiments showed t h a t when i c e p a r t i c l e s , grown 
by s u b l i m a t i o n , broke away f r o m a c o l d p l a t e they c a r r i e d 10 t o 50 t imes 
more charge when t h e y had been grown i a an atmosphere c o a t a i a i n g nitrou-s 
gases t han when they had been grown i n o r d i n a r y a i r . He a p p l i e d these 
r e s u l t s t o thunderc louds and suggested t h a t some atmospheric feedback 
process was o p e r a t i n g i n which the d iarge s epa ra t i on mechanism was the 
f r a g m e n t a t i o n o f c r y s t a l d e n d r i t e s , needles and s p l i n t e r s f r o m the 
su r face o f h a i l s t o n e s i n a n i t r o u s atmosphere. He b e l i e v e d t h a t these 
charged p a r t i c l e s c o u l d be separated i n a way which would increase b o t h 
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the f i e l d and the n i t r a t e i o n concen t r a t i on , l e ad ing t o an increase 
i n the charge separated on f r a g m e n t a t i o n . 
Many o f the questions posed by t h i s t h e o r y remain unanswered. 
The degree o f f r a g m e n t a t i o n o f i ce p a r t i c l e s i n thunderclouds i s unknown. 
No i n h i b i t i n g process p r even t i ng charge b u i l d - u p i n o ther forms of clouds 
up t o the p o i n t where discharges occur has been proposed and no eaplan-
a t i o n i s g i v e n o f how the charges are segregated so as t o enhance the 
f i e l d . 
These few examples i l l u s t r a t e the wide d ivergency of approach 
t o the problems o f thunderc loud e l e c t r i f i c a t i o n and the d i f f i c u l t i e s 
which must be overcome i n proposing a v i a b l e t heo ry , 
I , 4 , The E l e c t r i f i c a t i o n o f Non-stormy Clouds. 
The s tudy o f the e l e c t r i c a l e f f e c t s o f non-stormy clouds has been 
somewhat neg lec ted compared w i t h the s tudy of the more intense e f f e c t s i n 
thunde r c l o u d s . 
I , 4 ( a ) , The n imbo-s t ra tus c loud 
I n the absence o f any measurements w i t h a i rborne ins t ruments , 
such as the a l t i - e l e c t r o g r a p h , i n n imbo-s t ra tus c louds , the o n l y i n f o r m -
a t i o n a v a i l a b l e i s t h a t which has been obta ined f r o m currents and po ten-
t i a l g r ad i en t s a t the e a r t h ' s s u r f a c e . Chalmers (19^5), assuming a 
q u a s i - s t a t i c s t a t e d u r i n g cont inuous , steady p r e c i p i t a t i o n when the t o t a l 
v e r t i c a l cairrent d e n s i t y would be the same at a l l l e v e l s , s ta tes t h a t 
t h e r e must be a negat ive cur ren t downwards so t h a t the conduct ion cur ren t 
above the c l o u d b r ings down negat ive charge. T h e r e f o r e , the p o t e n t i a l o f 
the t op o f the c loud must be above t h a t o f the e lec t rosphere , i , e , 
g r e a t e r t h a n + 2.9 x 105 V w i t h respect t o e a r t h . 
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Measurements at the ground i n d i c a t e t h a t the p o l a r i t y o f a 
n imbo-s t ra tus snow c loud i s the same as t h a t of the main charges i n a 
t hunde rc loud . 
I n the n imbo-s t ra tus r a i n c l o u d the re appear t o be two processes 
at work . I t i s reasonable t o suppose, i n view o f the grea t v e r t i c a l 
depth o f these c louds , t h a t , i n the main , the r a ind rops f a l l i n g f r o m 
these c louds w i l l have been i n the s o l i d s t a t e f o r p a r t o f t h e i r p r e v -
ious h i s t o r y . I t i s f a i r l y c e r t a i n , t h e r e f o r e , t h a t t h e r e occurs w i t h i n 
the c loud the same process as f o r the snow c l o u d . Since r e s u l t s show 
t h a t i n the r a i n c l o u d the t o t a l charge sepa ra t ion i s u s u a l l y i n the 
oppos i te d i r e c t i o n t o the snow c l o u d , there must be some o the r process 
o f charge s e p a r a t i o n g i v i n g negat ive above and p o s i t i v e below, Chalmers 
(1965) p o i n t s out t h a t s ince we know t h a t t h e r e must be two processes 
o p e r a t i n g i n thunderc louds t o produce the main d i p o l e and the lower 
p o s i t i v e charge and s i n c e , i n bo th cases, the d i r e c t i o n o f the separa-
t i o n o f charge i s the same, i t i s v e r y tempt ing t o suggest t h a t the 
same processes are a t work, on a d i f f e r e n t scale o f i n t e n s i t y , i n b o t h 
types o f c l o u d , 
I . 4 ( b ) , Trade-wind cumulus c louds , 
F i t z g e r a l d (l956) and F i t z g e r a l d and Byers (1958) i n v e s t i g a t e d 
the e l e c t r i c a l s t r u c t u r e o f s m a l l cumulus c louds . T h e i r r e s u l t s showed 
t h a t these c louds had an excess negat ive charge o f 10"-^  C w i t h i n d i c -
a t i o n s o f a p o s i t i v e charge i n the upper p a r t o f the clouds when no i c e 
was p resen t . The negat ive charge was cen t red on reg ions o f h i g h l i q u i d 
wa te r c o n t e n t . As soon as s o l i d p r e c i p i t a t i o n was observed, a p o s i t i v e 
charge appeared o f g r ea t e r magnitude t h a n the negat ive charge i n a l l -
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water c louds , 
I . 4 ( c ) . M i n o r shower c louds . 
Tamura (1956) i n v e s t i g a t e d clouds o f dimensions o f the order o f 
2 t o 3 km which gave p o t e n t i a l g rad ien t s i n the range i 2 kV m~^, I n 
seven out o f t e n cases the p o l a r i t y o f the clouds was negative so t h a t 
the s e p a r a t i o n o f charge i s i n the opposi te d i r e c t i o n t o t h a t i n the 
t y p i c a l thunders torm. U s u a l l y the showers were ma in ly o f snow and were 
caused by convec t ion , 
I , 4 ( d ) , Other c l o u d s t u d i e s . 
Severa l workers have i n v e s t i g a t e d the charges on c loud 
p a r t i c l e s i n n o n - p r e c i p i t a t i n g c louds . I n general i t appears t h a t the 
l a r g e r d r o p l e t s have p o s i t i v e diarges and sma l l e r d rop le t s have negative 
charges. Where i ce i s p re sen t , i t i s u s u a l l y n e g a t i v e l y charged. (See 
Chalmers (1965) Sec t i on 13. 8 . ) 
CHAPTER I I , 
THE STRUCTURE OF ICE A I ^ WATER. 
I n o rde r t o understand the processes by which charge i s sep-
a ra t ed i n i c e and wa te r , i t i s necessary t o have some knowledge o f the 
s t r u c t u r e . I c e i s d e a l t w i t h f i r s t , as i t s s t r u c t u r e i s the more f u n d -
amental and the b e t t e r c h a r a c t e r i s e d , 
1 1 , 1 , The S t r u c t u r e o f I c e , 
I c e may e x i s t i n many c r y s t a l l i n e forms which are produced e i t h e r 
by h i g h pressures o r low tempera tures . (See P i g , 1 1 , 1 . ) The diagram 
shows t h a t the o n l y s t ab l e f o r m i n c o n d i t i o n s which u s u a l l y p r e v a i l i n the 
atmosphere i s the hexagonal I c e I . 
W i t h i n t h i s s t r u c t u r e , each oxygen atom i s surrounded by f o u r 
hydrogen atoms i n a t e t r a h e d r a l arrangement, (See F i g , I I , 2 , ) , B e m a l 
and Fowle r ( l933) proposed th ree " r u l e s " governing the s t r u c t u r e , 
( i ) The hydrogen atoms l i e a t e q u i l i b r i u m p o s i t i o n s along 
l i n e s j o i n i n g ne ighbour ing oxygen atoms, 
( i i ) There i s o n l y one hydrogen atom on each such l i n k a g e , 
f o r m i n g a "hydrogen-bond", 
( i i i ) Each oxygen atom has two near hydrogen atom neighbours , 
thus p r e s e r v i n g the s t r u c t u r e o f the wa te r molecu le . 
The "hydrogen-bond" i n i c e has a f r e e - e n e r g y o f f o r m a t i o n 
which i s about one t e n t h o f the energies o f f o r m a t i o n o f normal oo-
valen-fe o r i o n i c bonds, P a u l i n g ( l949) considered a s i m p l i f i e d model 
0 - H — 0 , and d i s rega rded a l l o t h e r e l e c t r o n s except two f o r the bond 








O-H bond length = 1-OA 
0--H bond length = 1 76A 
II 2 Fig 
the Bcrnal - Fowler model of 
the structure of ice. 
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the o the r oxygen atom. He an fc i t i pa t ed t h a t the f o l l o w i n g s t ruc tu re s 
are l i k e l y t o c o n t r i b u t e t o some e x t e n t , 
O - H ;0 S t r u c t u r e ( l ) ( e l e c t r o s t a t i c 
i n t e r a c t i o n . ) 
0" H"^  lO S t r u c t u r e (2) ( " ) 
0" H 0 S t r u c t u r e (3) ( c s r a l en t 
resonance.) 
(The energy necessary f o r the p r o d u c t i o n o f d i v a l e n t hydrogen i s f a r 
t oo h i g h f o r i t t o c o n t r i b u t e i n any way to the t r u e s t r u c t u r e . ) 
Coulson and Danie lsson ( l954) have considered the f r ee -energy 
o f each s t r u c t u r e and f r o m a knowledge of the O - H and H — 0 distances 
have deduced t h a t S t r u c t u r e ( l ) c o n t r i b u t e s 65^ b, S t r u c t u r e (2) con t r i bu t e s 
31% and S t r u c t u r e (3) c o n t r i b u t e s i^o t o the e q u i l i b r i u m c o n f i g u r a t i o n o f 
O - H — 0 , Coulson (1961) de r ived a t h e o r e t i c a l d i s s o c i a t i o n energy f o r 
i c e f r o m t h i s model and ob ta ined a value o f 8.6 k c a l , mole~^. (The 
exper imenta l value i s 6.1 k c a l , mole" ' ' . ) He says i t i s p e r f e c t l y c l e a r 
t h a t i n t h i s p a r t i c u l a r case no complete ly s a t i s f a c t o r y account o f the 
nature o f the bond can be g iven w i thou t i n c l u d i n g severa l f a c t o r s not 
no rma l ly r e q u i r i n g c o n s i d e r a t i o n i n the exp l ana t i on o f the s t r u c t u r e of 
conven t iona l bonds. Never the less , the good q u a l i t a t i v e agreement shows 
t h a t the concept o f an e l e c t r o s t a t i c "hydrogen-bond" i n i ce i s acceptable, 
P a u l i n g (1935) p o i n t e d out t h a t an ordered arrangement o f the 
hydrogen atoms according t o the B e m a l and Fowler Rules would be incon-
s i s t e n t w i t h the f i n i t e zero p o i n t en t ropy which had been observed by 
Giauque and Ashley ( l 9 3 3 ) . However, i f the hydrogen atoms were f r e e t o 
move between two d i f f e r e n t e q u i l i b r i u m p o s i t i o n s a long the l i n e s J o i n i n g 
oxygen atoms and spent h a l f o f t h e i r t ime i n each p o s i t i o n , the ent ropy 
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i n t r o d u c e d i n t o the Eaodel would correspond w e l l w i t h the zero p o i n t 
en t ropy f o u n d i n p r a c t i c e . (See P a u l i n g (196O),) P a u l i n g ' s model (see 
P i g , 11 ,3 . ) i s w e l l supported by da ta f r o m X - r a y and neu t ron d i f f r a c t i o n 
s t u d i e s , which g ive oxygen - oxygen i n t e r - a t o m i o d is tances o f 2,76 A and 
oxygen-hydrogen i n t e r - a t o m i c d is tances o f about 1 S a long l i n e s J o i n i n g tYB 
oxygen atoms, 
I I , 2 , The S t r u c t u r e o f Water, 
The s t r u c t u r e o f wa te r has presen ted much more o f a problem. 
Water has an ex t remely h i g h b o i l i n g p o i n t when compared w i t h i t s homo-
logues , hydrogen s u l p h i d e , H2S, hydrogen s e l en ide , H2Se, and hydrogen 
t e l u r i d e , H2Te, a l l o f w h i d i are gases at room tempera tu re . C l e a r l y , 
t h e r e f o r e , t he molecules must be h i g h l y assoc ia ted i n wa te r but not i n 
H2S, H23e o r H2Te, One way i n which molecules c o n t a i n i n g a v e r y e l e c -
t r o n e g a t i v e atom p lus hydrogen atoms can become as soc ia t ed i s by means 
o f hydrogen-bonding. Hydrogen-bonding a l so occurs i n hydrogen c h l o r i d e 
and hydrogen f l u o r i d e and i t i s reasonable t o assume wate r molecules are 
a s soc ia ted by t h i s means. However, o n l y a s t a t i s t i c a l p r o p o r t i o n o f t h e 
molecules w i l l be a s soc ia ted a t any one t i m e , 
B e m a l and Fowle r (1933) suggested t h a t , between 4®C and 200°C wate r 
has a t e t r a h e d r a l l y hydrogen-bonded s t r u c t u r e w i t h a l a t t i c e s i m i l a r t o 
t h a t o f q u a r t z , w h i l e below 4 ° C , the s t r u c t u r e i s s i m i l a r t o the t r i d y m i t e 
f o r m o f s i l i c a , P a u l i n g proposed a pentagonal dodecahedral s t r u c t u r e i n 
which hydrogen-bonding i s o f pr ime importance . Van Panthaleon van Eck 
e t a l , (1958) have suggested t h a t t h e arrangement o f molecules i n v o l v e s , 
e s s e n t i a l l y , a s i x - f o l d c o - o r d i n a t i o n o f wa te r molecules w i t h f o u r sho r t 




F i g . I I , 3 I h e arrangement of molecules in the ice crystal. The orientation of 
the woter molecules as represented in the drawing is arbitrary; there is one proton 
along each oxygen-oxygen axis, closer to one or the other of the two oxygen atoms. 
[Unus Pauling, The Nohire of the Chemical Bond, Cornell University Press, 1960] 
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contac t s o f about 3,6 S l e n g t h . An i c e - l i k e s t r u c t u r e might also 
c o n t r i b u t e t o some ex t en t to the ordered p o r t i o n o f the l i q u i d . However, 
Prank (l958) p o s t u l a t e s t h a t bonded, f l i c k e r i n g c l u s t e r s o f i c e - l i k e 
m a t e r i a l are surrounded by , and a l t e r n a t e ro l e s w i t h , d i sordered f l u i d , 
wh ich makes up the r e s t o f t h e sample. 
Experiments have been descr ibed by Wal ra fen (1968) o f Raman 
s tud ies u s i n g an a rgon- io^ l a s e r on s o l u t i o n s o f HDO i n H2O, H i s 
r e s u l t s i n d i c a t e d t h a t the two-s ta t e mix ture model i n v o l v i n g " f l i c k e r i n g 
c l u s t e r s " was most l i k e l y t o be c o r r e c t . The a d d i t i o n o f d imethyl s u l -
phoxide t o the s o l u t i o n appeared t o increase the p r o p o r t i o n o f c l u s t e r s , 
whereeis i n c r e a s i n g temperature and pressure , which encourages " s t ruc tu re 
break-up" , appeared t o reduce the p r o p o r t i o n o f c l u s t e r s . 
Yet another model i s due t o Pople (l95l)o He proposed t h a t there 
might be a d i s t r i b u t i o n o f bond energies whi<3h i s s a i d by W a l l and Horn ig 
(1965) t o g ive b e t t e r agreement w i t h i n f r a - r e d da ta . This has l e d Perram 
and Levine (1968) t o be l i eve t h a t the e f f e c t s ©f hydrogen-bonding i n the 
phase behaviour o f water are r e s t r i c t e d o n l y t o the e l e v a t i o n o f the 
t r a n s i t i o n temperatures and t o the increase of l a t e n t heat r e l a t i v e t© 
normeO. l i q u i d s . 
One t h i n g which i s agreed by most a u t h o r i t i e s i s t h a t the degree 
o f o rde r w i t h i n l i q u i d wa te r i s determined by a s t a t i s t i c a l process 
which i s dependent on temperature, i n c r e a s i n g w i t h decreasing temperature . 
1 1 , 3 . Charge Transpor t i n Water. 
Since t h e r e are no f r e e e l ec t rons i n wa te r , i t s e l e c t r i c a l 
c o n d u c t i v i t y must be ejcpladned i n terms o f i o n s . 
18 . 
Water i s s a i d t o d i s s o c i a t e accord ing t o t h e equa t i on : 
2H2O ^ H^O"^  + OH" 
a l t hough t h i s i s an o v e r - s i m p l i f i c a t i o n s ince b o t h these ions are 
h i g h l y s o l v a t e d by n e u t r a l wa te r molecvileso The m o b i l i t i e s o f these 
ions a t 25°C have been c a l e u l a t e d t o be : 
H^O'^j 36.2 X 1 0 ' ^ m s"^ p e r V wT^ 
0H~ p i 9 « 8 x 1 0 ~ ® m s""* per V m " \ 
which are much h ighe r t han those o f o t h e r u n i v a l e n t ions i n wate r , e . g . 
4. s o f t -B"! 
L i p 3<.0 X 10" m s~ per V m" 
C l ' 5 7o9 X 10"^ m s"'' per V m"'' 
and t h i s d iscrepancy cannot be e x p l a i n e d by d i f f e r e n c e s i n the degree o f 
s o l v a t i o n o f the i o n s . The ex i s t ence o f some s p e c i a l charge t r a n s p o r t 
mechanism i s i n d i c a t e d , Heuckel (1928) suggested t h a t a p r o t o n could 
jump f r o m molecule t o molecule , a mechaaism which i s s t i l l considered 
t o e x p l a i n s a t i s f a c t o r i l y the condiMst iv i ty o f wa t e r , (See F i g , 11,4). 
Eigen and De Maeyer (1958) cons idered the two p o s s i b i l i t i e s 
proposed by G i e r e r and W i r t z (1949) t h a t e i t h e r 
( i ) t he p r o t o n jump w i t h i n the hydrogen-bond i s r a t e 
d e t e r m i n i n g , oro 
( i i ) t h e p r o t o n passes q u i c k l y t h r o u g h a cha in o f bonds a t 
the end o f which i t has t o w a i t i m t i l a new hydrogen-bond i s fo rmed , 
and t h e r e f o r © , the f o r m a t i o n o f hydrogen-bonds i s r a t e d e t e r m i n i n g . 
I n the l i g h t o f a l l the a v a i l a b l e e3q>erimental evidence, they came 
t o t he c o n c l u s i o n t h a t the r a t e o f f o r m a t i o n o f hydrogen-bonds i s the 
r a t e - d e t e r m i n i n g step i n the t r a n s p o r t o f charge i n wa te r . 
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IIo4 . Charge Transport in Ice . 
The e lectr ica l conductivity of ice has been measured by several 
workers, e.g. Siksna (1957), Bradley (1959), and shows a marked temper-
ature dependence. According to Bradley (1959) the conductivity i s 
given by 2340. exp (-12300/EIT) CDJ"^ n ' ^ where R is the gas constant 
and T i s the absolute temperature. The absolute values for the spec-
i f i c conductivity depend to a large extent on the in5)urities within 
the saaiple as these govern the number of ions and defects present in 
the ice structure. However, in general there are fewer ions per unit 
volume in ice than in water. 
DecrcOLy et a l . (1957) have shown that the statie conductivity 
of ice i s purely ionic and Graenicher (1958) points out that the con-
ductivity can be explained i f ionised states exist in the lat t ice . But 
since the direct current conductivity does not vary with time, even when 
suff icient time should have elapsed for a l l the original ion-states to 
be removed, i t can be seen that the existence of ion-states al»ne cannot 
adequately explain the conductivity of ice. I t was Bjerrum (l95l) wh9 
postulated that the generation and migration of latt ice defects would 
allow ion-states to be regenerated to diffuse through the molecule 
more than once. 
Despite there being fewer ions in ice, the specific con-
ductivity of ice i s of the same order of magnitude as that of water, 
when both are at temperatures very near the freezing point. Clearly, 
therefore, the mobility of the proton within ice i s much higher than 
i n water. This higher mobility is readily explained when one appree-
iates that the rate-determining step in the charge transfer process 
20o 
cannot be the foraation of hydrogen-bonds, as ioe has v ir tual ly a f u l l y -
hydrogen-bonded structure, but must be the proton-juBp within the 
hydrogen-bondo The narked decrease i n conductivity with fa l l ing ten-
peratur© i s explained by Eigen and De Maeyer (1958) by the increase in 
the activation of this transit ion at lower temperatures resulting in a 
corresponding decrease in the probability of quantua nedianioal 
tunnelling. 
The ion-states present in ice are the hydroxoniun ion, 
H'jO"'' and the hydr«xylion, OH". The manner in whidi they diffuse 
through the lat t ice i s shown i n PigoIIo5o I t can be seen from this 
diagram that the diffusion results in a re-orientation of molecule B 
so that no further diffusion of ion-states i s possible. Although i t i s 
not shown in this diagram, the OH ion diffuses i n a s imilar manner. 
The production and migration of Bjerrum defects i s shown in 
Fig„IIo6o The production of such defects violates the second Bemal and 
Fowler Rule, but BJerrum considered that the defects might be created 
by a thermally excited proton rotating about i t s oxygen atom to another 
equilibrium position i n a neighbouring bond. Each such transit ion 
generates one doubly-occupied and one vacant bond, known as D- and L -
defects respectively. I t i s the migration of the D- defect which i s 
shown in Pig<,IIo6, but the L-defect migrates in a similar manner, A 
comparison with P i g . I I . 5 , shows that the migration of defects has the 
effect of re-orientating the molecules (note particularly molecule B) 
so as to allow further i » n i e diffusion. 
Table I I . 1 compares some of the properties of ion - states and . 
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0 (tunnelling) 0'235i0O1 eV 
TABLE n.L A Comparison of the 
Propert ies of Ion-states and B jer rum 
Defects in Pure Ice a t -10 . 
CHAPTER H I 
THE ELECTRIFICATION OF ICE AND WATER. 
The principal mechanisms of charge separation in water and ice, 
and the results and theories of previous workers in this f i e ld are 
summarised br ie f ly» 
l U c 1o Charge Separation in Iceo 
I I I . 1 (a ) . E lec tr i f i cat ion directly associated with temperature 
gradients i n i ce . 
When two pieces of identical insulating material are rubbed 
together asymmetrically, they acquire equal and opposite charges. Henry 
( 1 9 5 2 ) suggested that a temperature gradient effect might be responsible 
as the rubber and the rubbed material w i l l be warmed by fr ic t ion in 
different ways. Reynolds, Brook and Courley ( 1 9 5 7 ) stroked two ice-
coated metal rods together asymmetrically so that a small, fixed area of 
one rod was rubbed over a similar area along the whole length of the 
other. They noted that the rubber always became negatively charged and 
that the rubbed rod acquired an equal and opposite charge, which was 
attributed to the former rod being made warmer by the rubbing. 
Transient contacts between two ice specimens were made by Brook 
( 1 9 5 8 ) , who observed that the colder of two identical specimens always 
-K 
became positively ohargedo He also noted that ice made from 1 0 molar 
sodium chloride solution always became negatively charged on making 
contact with pure ice , even when the specimens differed in temperature 
by several degrees. He concluded that his results showed that the 
potential difference between two pieces of ice in contact was a sensitive 
function of their temperature difference but the experiments with sodium 
2 2 . 
chloride-doped ice indicated that another source of e«m<,f o might also have 
been operative. 
A theory of proton diffusion to explain the appearance of a 
potential difference between the ends of an ice specimen subjected to 
a steady temperature gradient was developed by Latbam and Mason (I96IA). 
The theoiy depends upon the properties of ice mentioned i n Chapter U , viz: 
(a) the concentrations of H^ O"*^  and O H " ions r i se quite rapidly 
with increasing tenrperatuirej, and 
(b) the mobility of the H^ O"*" ion i s at least ten times greater 
than that of the O H " ion. 
Therefore, the establishment of a temperature gradient i n an ice 
specimen w i l l be accompanied by the setting up of a concentration 
gradient of ions of both signso The more rapid i n i t i a l diffusion of 
the H^O^ ion down the temperature g;radient w i l l lead to a separation 
of charge with a net excess of positive charge at the colder end of 
the iceo The resulting space-charge distribution w i l l be such as to 
oppose the further separation of charge and under the influence of a 
steady temperature gradient, eventually a steady state w i l l be reached 
in which no net flow of current occurs. At this time a steady potential 
difference w i l l have been established between the ends of the specimen, 
with the cold end positively charged and the warm end negatively charged* 
Assuming that the charge i s concentrated on opposite faces of the ice , 
the predicted charge separation i s given by 
2 3 c 
where G" - the surface charge density on the eiid& of the ice, 
£ o = permittivity of free space, 
B = the dielectric constant of ice , 
k = Boltzmann's constant, 
e = the electroaic charge, 
^ = the activation energy for the dissociation of ice , 
- T = the absolute taaperatuz°eo 
/^y^- = tbe mobility rat io for H^O"*" and D H " ions. 
Substituting typical values in this equation gives 
Cr = 1.65 X 10~^  ° ( dT / dx) C m'^. 
This corresponds to a potential of 1.86 AT mV across a specimen whose 
faces are at ten5>eratures differing by AT degoC, 
Latham and Uason measured the potentials between opposite faces of 
an ice disc and found very good agreement with the calculated values for 
temperature differences of up to 10 deg.Co provided that the warmer face 
of the specimen was below - 7 °C, At temperatures above th i s , larger 
potential differences were measured than predicted by the simple theory 
but Latham and Mason believed that these could be explained by the var-
iations i n the conductivity of ice found by Bradley ( 1 9 5 7 ) . Tiie presence 
of impurities in the ice had only a very sl ight effect on the measured 
potential differences. Sodium chloride caiiaed the potentials to be 
reduced whereas hydrofluoric acid caused them to be increased. I t was 
also shown that when transient contact was made between ice specimens 
i n i t i a l l y having different temperatures, the charge separated could be 
explained by the Temperature Gradient Theory and that i t was dependent 
on the time of contact, the maxinum separation being after a contact 
2lu 
time of 0 , 0 1 s , 
Jaccard ( 1 9 6 3 ) has considered the effect of the Bjerrum defects 
on the thermoelectric power of i ce . Allowing for the fact that the 
effective charge carried by each defect i s less than the unit electronic 
charge, he showed that the predicted value would agree with Latham and 
Mason provided that the mobility rat io of the Bjerrum defects i s 1 o 2 o 
Latham (1S6k A) has also shown that the separation of charge can 
be detected by an induction method using a single ice crystal suspended 
only by a f ibre , thus eliminating sources of possible spurious effects, 
I I I o 1 ( b ) , E lec tr i f i ca t ion associated, with the evaporation of 
an ice surface. 
Measurements have been made of the e lectr i f icat ion on evaporation 
of ice from an ice-coated copper sphere of radius 1 5 mm by Latham and 
Stow ( 1 9 6 5 ) 0 The sphere was maintained at - 2 0 % and dry nitrogen was 
blown over i t s surface at temperatures between 0 and - M)°Co They 
found that for nitrogen temperatures between 0 and - 10°Cj, the sphere 
became positively charged and for temperatures below - 10°C the sphere 
became negatively charged. I n a subsidiary experiment, the variation 
of the temperature difference in the iced surface between nitrogen and 
the interior was found and they showed that the e lectr i f icat ion on evap-
oration could be qualitatively explained in terms of the Temperatujre 
G-radient Theory but quantitative agreement would not be expected in the 
absence of detailed knowledge of the spacial distribution of charge 
caused by temperature gradients. 
Recently, Cross ( 1 9 6 9 ) has examined evaporating ice surfaces 
under a scanning electron microscope and has shown that polycrystalline 
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ice develops a fragi le , fibi^ous surface. He suggests that the breaking 
off of ice splinters from such a surface could explain the electrif ication 
observed by Latham and Stow, Each splinter w i l l be colder than the large 
ice mass and, on breaking away, w i l l carry positive charge into the a i r -
stream, as described by Latham ( 1 9 6 3 ) < . 
I l l , 1 ( c ) . Charge separation associated with the cracking and 
fracturing of i ce . 
This appears to be the resxilt of the mechanical separation of 
ice fragments i n which a charge separating process, e.g. the Temperature 
Gradient mechanism, had previously been operating, 
m . 2 , The Separation of E lec tr i c Charge in Melting Ice , 
Dinger and Gunn i^9l\6) detected a charge separation of up to 
4 o 2 . . X 1 0 C g of ice melted. The a i r above the sample acquired 
a negative charge and the water, a positive charge. They noted that 
the presence of dissolved gases was essential for the observed charging 
effects to occvtr and related the charging mechanism to earl ier exper-
iments on the cataphoresis of gas bubbles. I n a later paper. Dinger 
( 1 9 6 5 ) has reported charges as h i ^ as 2 , 2 x 1 0 C g for tr ip ly 
d i s t i l l ed water when great care was taken to avoid surface contamination. 
The magnitude of the effect is very sensitive to the presence of 
small amounts of impurities and the fai lure of Matthews and Mason ( 1 9 6 3 ) 
to detect even one hundredth of the charge separation reported by Dinger 
and Gunn was attributed to the presence of high concentrations of carbon 
dioxide i n the v ic ini ty of the apparatus (Dinger, 1 9 6 4 ) 0 
2 6 . 
I I I . 3 o Charge Separation in Water. 
I l l , 3 . ( a ) . Spraying, splashing and bubbling phenomena. 
Neglecting cheuieal electrode potentials of netals i n 
aqueous solutions of their ienSj these phenouena probably represent 
the main ways in which charge i s separated i n water. Loeb (1958) 
gives a detailed account of these phenoBoena, which, i n contrast to 
the charge separation mechanisms i n ice , are mednly due to the 
presence of ijapurities and the existence o f an e lec tr ic double layer 
at the l iqu i (^a ir interface. 
Mason and I r i t a m e (19^7) have looked i n deta i l at the charge 
separated by bubbles bursting at the air/water interface and have 
found that the charge separated depends upon the bubble radius, the 
iapurities i n the water, the coaposition of the gas i n the bubble and 
the l ife-time of the bubble before bursting. I n order t o obtain 
reproducible results , they ensured that the water surface, at which 
the bubble burst, was continuously renewed and they confined their 
measuresaents t o bubbles which burst immediately on arr iva l at the 
surface. The results obtained under these conditions were consistent 
with a theory based on the rupture of an e lectr ic double layer. 
Droplets froa bursting bubbles of nitrogen, which had had radi i i n 
the region 20 to 200 carried away net negative charge of up to 
3 X 10~^^ 0 per bubble from solutions with ionic concentrations of 
less than 10"^ molar, 
111,3 (b) . Sol id/ l iquid interfac ia l phenomena. 
I t i s convenient at this point to examine the diarge separ-
ation which may result when a l iquid noves relat ively to a sol id 
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THE ELECTRIC DOUBLE LAYER 
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with which i t i s in contact. 
The concept of differently charged layers, i . e . an e lectric 
double la3rer, at a sol id/ l iquid boundary was proposed by Helmholtz in 
l879o The original picture has been modified by Gouy (c.l909) and more 
recently by Stern (1924)» According to Stem the double layer i s in 
two parts: one, whidi i s approximately a single ion in thickness, 
remains sLLmost fixed to the sol id surface: the other extends sose 
distance into the l iquid phase and i s diffuse. (See P i g . I I I . 1 , ) I n 
this second region, thermal agitation pereoits the free novement of the 
particles but the electrostatic f i e l d at the surface may result in pref-
erential attraction of those of opposite sign. I n this region the poten-
t i a l f a l l s gradually to the level in the. bulk of the liquid where the 
charge distribution i s uniform. The overall f a l l in potential between 
the sol id and the l iquid represents the thermodynamic Electrode Poten-
t i a l , The potential difference between the fixed layer and the bulk 
l iquid i s known as the Zeta Potential, C . 
I n order that simple mathematical considerations may be applied 
to electrokinetic phenomena, i t is necessary to assume that the diffuse 
double layer i s equivalent to a paral le l plate condenser, with a sep-
aration between the plates of d carrying a charge of per square metre. 
Then 
where D i s the die lectr ic constant of the medium between the plates 
and 60 i s the permittivity of free space (See GlaSstone, 1962, page 
1220 onward,). 
28. 
Let us consider the case of a l iquid flowing throu^ a 
capil lary tube, radius r . The velocity of the l iquid varies with the 
distance, x, from the centre of the tube and is equal to P (r -x 
for laainar flow, where P i s the pressure difference between the ends 
of the tube of length, 1 and »^  i s the viscosity of the l iquid. The 
moving part ©f the double layer i s at a distsince r - d from the centre 
of the tube and so i t s velocity, v, i s given by: 
V = rdP/2 1»^ 
(the very small quantity d can be neglected in comparison with 2rd) 
I f one side of the double layer i s forced past the other, 
the strength of the current, I , produced i s given by 
I = 2 n r i ^ v =nT^(^ dP/1 
I f k i s the speci f ic conductivity of the l iquid used, 
then the conductivity of the l iquid i n the tube i s TT r ^ k / l and i f S 
i s the "streaming" or flow potential, i . e , the potential measured 
between the ends of the tube, i t follows from Ohm's law, that 
S = I 1/ TTr^k 
= (^dP/k 2 
Hence, we see that a value for the Z^ta potential between 
the l iquid and the material comprising the tube can be obtained by 
measuring the potential produced between the ends of a tube throu^ 
which the l iquid i s forced. 
The val idity of the expression derived using the above 
s in^l i fying assumptions has been jus t i f i ed by the close correspon-
dence between the values of ? obtained from different aaethods. 
(e.g, see Glasstone, 1962, page 1225). Traditionally su<^ exper-
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iments hare been carr ied ©ut on aqueous solutiens of ionic sal ts i n 
glass tubes j, but charge can be separated by many low conductivity 
l i q u i d s on f lowing through tubes of various materials . 
I I I . 3 ( s ) . Temperature gradients i n solutions, 
Latham (1964 B) has reported that temperature gradients i n 
i on i c solut ions give r i se t o e l e c t r i c po ten t ia l s . The colder portions 
of. potassium and sodium chloride solutions acquired net posi t ive 
charge. The resul ts were said to be explicable i n terms of a mechanism 
s imi l a r to that responsible f o r the charge t r ans fe r produced by tem-
perature gradients i n i c e . 
I I I . 4. Charge Separated by the Freezing of Water. 
I n 1946 Workman and Reynolds began a series of laboratory 
experiments i n the hope of discovering a physical process which might 
be basic i n the generation o f thunderstorm e l e c t r i c i t y . Using the 
apparatus shown i n F i g . i n .2, wi th copper block temperatures of - 5 to 
- 30 o q , they found that the water f roze i n an orderly manner from the 
platinum face outwards. 
Re la t ive ly large po ten t i a l differences were developed between 
the water and ice when d i l u t e ion ic solutions were used. The charge 
separation s tar ted when f reez ing began and stopped when f reezing ceased. 
6 8 
The potent ia l s were measured using shun.ts of from 1O to IO (Q> aeross 
the electrometer to ground. Workman and Reynolds also observed that a 
reverse po t en t i a l was not real ised on melt ing. They a t t r ibu ted th i s to 
p r i o r neu t ra l i sa t ion through the poorly conducting ice . They also 
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noted that i n t h e i r neasurements, the magnitude of the open c i r c u i t 
potent ia ls was independent of the f reez ing rates over a wide range, 
and they stated that the potent ia l s only appeared variable to the 
extent that i n t e r n a l leakage currents reduced the measurable poten-
t i a l s f o r slow rates" of f reez ing and c ry s t a l d i so r i en ta t ion reduced 
then at very high rates of f r eez ing . These authors also reported tha t 
when rsmdon c ry s t a l o r i en t a t ion resul ted from spontaineous f reez ing of 
supercooled so lu t ions , hardly any charge separation was observedo 
However, Pruppaeher, Steinberger and Wang (1968) have o b s e i ^ d charge 
separation on spontaneous f reez ing and po ten t i a l d i f ferences w i t h i n 
an order of magnitude of those obtained by Workman and Reynolds at 
lower f reez ing ra tes . 
The actual values of the f reez ing potent ia ls were h igh ly 
dependent on very small ooneentrations of ion io solutes, e .g. 3 x 10~^ 
molar ammonia solutions gave - 232 V w i t h the water negat ively 
charged, 2 x 1 0 molar sodium f l u o r i d e solutions gave + 21 Y wi th 
the water p o s i t i v e , and 10 moleo: sodium chloride solut ions gave 
+ 30 Vo This l e d them t o suspect that the •= 40 V, approximately, 
obtained on f reez ing d i s t i l l e d water of conduct ivi ty ^0 ~^ iTh m. 
was due t o the presence of ammonia, and when care was taken to 
eliminate ammonia as a contaminant, the potent ia l s i n d i s t i l l e d water 
were reduced t o a few v o l t s . 
The ion io character of the e f f e c t was demonstrated by 
p a r t i a l l y f reez ing a 7 x 10"^ molar sodium chloride so lu t ion i n an 
atmosphere of helium w i t h an electrometer shunt of 2 x l0^<n, „ The 
pH of the so lu t ion before f reez ing was 6.3, that of the unfrozen water 
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was 6o2 and that of the re-melted ice was 7.0, showing that the 
chloride ions were se lec t ive ly trapped i n the i ce . Calculations 
showed that the differences i n j f i corresponded to a charge sepai>-
a t ion of 3o4 X 10"^ C g"^ compared to the 3.0 x 10"^ C g""" measured 
by the eleotrometer. Allowing f o r the leakage currents t h i s repres-
ented excellent agreement, and, although Workman and Reynolds (1950) 
admitted that such good agreement was probably f o r t u i t o u s , they 
considered that t h e i r in t e rp re ta t ion was J u s t i f i e d . 
Various aspects of the Workman and Reynolds E f f e c t have 
been examined by G i l l ( l953). Lodge et a l . (1956), Heinmets (l962), 
Gross (1965), Pruppaeher et a l . (1968) and others. I n general, the 
' f ind ings of Workman and Reynolds have been confiimed although no one 
has succeeded i n producing such large po ten t ia l s . More detai led 
discussion of these resul ts i s t o be found i n Chapter V I . 
CHAPTER IV» 
LABORATORY SIMULATIONS OF COKDITIONS IN CL0I3DS 
AND THE ELECTRIFICATION OF HAIL AND SNOW 
IVo 1c The E l e c t r i f i c a t i o n of Single Water_propa. 
Charge separation due t o the f reez ing of single water drops 
occurs when the drop shat ters . However^ Rogers and Johnson 
and H a l l e t t (1968) have shown that s ingle drops are u n l i k e l y to 
shatter i n conditions of f r ee f a l l i n the atmosphere. Nevertheless, 
shat ter ing of small droplets on hailstones may occur and therefore 
the resu l t s of work on single drops Bay be applicable t o the elec= 
t r i f i c a t i o n of h a i l . 
When a water drop i s being f rozen, spicules and bulges o f t e n 
appear on i t s surface. Dorsey (1948) proposed that these could be 
explained i f the surface of the drop f roze f i r s t , so tha t subsequent 
f r eez ing resul ted i n a build-up of pressure inside the drop which 
u l t i m a t e l y caused the ioe s h e l l t o rupture. A j e t o f water would 
then be e jec ted and would freeze on the outside, produeing e i t he r 
a spicule or a b u l j ^ . Blancshard ( l95l) invest igated the growth of 
spicules on f r eez ing drops o f 8 mm diameter which wero f r e e l y supp-
or ted i n a v e r t i c a l wind tunnel . He v e r i f i e d the mechanism suggested 
by Dorsey and i n a subsequent paper, Blandiard ( l955), he reported 
tha t the maimer i n which the drops f roze depended upon t h e i r temper-
atures at the time of f r eez ing . At temperatures above about •= 5 °C 
a s h e l l o f c lear ise fomed at the bottom of the drop and grew over 
the whole surface. Thin planes of ice also grew from the base of 
the drop in to the i n t e r i o r . At temperatures below ~ 5 °C, the 
f r e e ^ i j i g occurred nearly s imultamously over the en t i r e surface o f 
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the drop, causing the drop to become opaque due t o the presence 
o f small a i r bubbles forced out of the solut ion as the water f r o z e . 
IVc 1 (a) . The work of Mason and Maybank, 
Mason (195^) had noticed that the burst ing of freezing 
water drops produced small ice c rys ta l s . Mason and Maybank (196O) 
invest igated the f reez ing of drops wi th diameters i n the range 
0.6 t o 2 wm suspended on f i b r e s . The drops were allowed to supercool 
t o a known t ^pe ra tu re and then they were nucleated wi th e i ther s i l v e r 
iodide c rys ta l s or small ice p a r t i c l e s . These authors reported that 
drops supercooled to about - 15 °C froze i n two stages. The first 
stage was the rapid formation of an opaque outer she l l of iee con-
t a i n i n g many small a i r bubbles. L ibera t ion of la tent heat then 
warmed the drop up t o 0 ° C and the l i q u i d i n t e r i o r froze slowly. 
During t h i s second stage, some of the water from the drop i n t e r i o r 
seeped slowly throu^^ the ies she l l and froze on the surface. When 
drops were nusleated at temperatures jus t below the freezing po in t , a 
t h i n , transparent ice s h e l l spread slowly over the en t i re surface of 
the drop. Freezing then progressed towards the i n t e r i o r and at t h i s 
stage spicules were o f t e n produced. Mason and Maybank also showed that 
the amount of a i r dissolved i n the drop was important i n determin-
ing whether spicules were produced. The pressure build-up resul t ing 
from the f r eez ing of the water i s more eas i ly euscommodated by a i r 
bubbles, and shattering and sp l i n t e r produetion are reduced i f a i r 
bubbles are present. They also noted that the presence of small amounts 
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of dissolved sa l t s (less than 0.2 molar) d id not a f f e c t the way 
i n which the drops f roze . 
Mason and Maybank examined the e l e c t r i f i c a t i o n of f reezing 
drops nucleated at a temperature of - 1 °C and then plaeed i n an 
environment teaiperature of - 10 ° 0 , No csharge was detected u n t i l 
shat ter ing occurred and, i n general, the major drop residues became 
negatively csharged, while the minor drop residues became p o s i t i v e l y 
chargedo They explained t h e i r resul t s i n teras of a temperature 
gradient which they assumed t o ex i s t between layers i n the ice s h e l l 
of a p a r t i a l l y f rozen drop. 
I V . 1 (b) „ The work of Kaohurin and Bekryaey 
Kaohurin and Bekryaev (196O) invest igated the e l e c t r i f i c a t i o n 
o f f r eez ing drops w i t h diameters between 0.2 and 2 mm over a temper-
ature range - 3 t o - 20 °C. The drops were suspended, at the focus 
of a microscope, on a f i n e wire eyelet which could be connected t o 
e i t he r an electrometer or an oscil loscope. By f i l m i n g the f reez ing 
they were able t o correlate var ia t ions i n the charges on the drops 
w i t h p a r t i c u l a r events i n the f reez ing sequence. A t y p i c a l o s c i l l -
ogram trace i s shown i n F i g . I V . 1. Peak A i s said t o be associated 
w i t h the breaking o f f of smauLl ice pa r t i c l e s as f i ssures form i n the 
ice s h e l l . Peaks B , 0 and D were associated w i t h the breaking o f f o f 
negatively charged ice pa r t i c l e s from the spicules, while the gen-
e r a l negative t rend on the record was due to the e j e c t i o n of streams 
of p o s i t i v e l y charged microscopic water droplets . 
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IV . l ( c ) o The work of Hutchinson. Evans and S t o t t . 
Evans and Hutdiinson (1963) and Sto t t and Hut©hinson(l965) 
examined the f reez ing of supercooled drops of 0.9 t o 1.7 ran diam-
e te r suspended on an insu la t ing f i b r e . The drops were nucleated by 
a cloud of small ice crys ta ls , produced by small pieces of s o l i d 
carbon dioxide , when they had become supercooled by 1 t o 2 deg.C 
and then they were lowered quickly in to a re f r ige ra ted c e l l wi th an 
environment temperature of - 15 S to t t and Hutchinson (1965) 
summarised a l l the resul ts obtained. 
The results were i n agreement wi th those of Kachurin and 
Bekryaer f o r the sign o f the diarge separation, but the charge 
separated by shattering drops was, i n many oases, too large to be 
explained i n terns of the Teioperature Gradient Theory. S to t t and 
Hutdiinson pointed out tha t t h e i r resu l t s , and those of Kaehurin 
and BekryafiT, and Evans and Hutchinson, were consistent wi th a 
theory invo lv ing a substantial charge separation across the water/ 
ice boundaiy i n the s o l i d i f y i n g drop. The charge separation 
mechanism proposed by Workman and Reynolds would, i t was thought, 
separate s u f f i c i e n t charge to explain the resu l t s . 
Rogers (1967) supported water drops, w i th diameters i n the 
range 3 t o 5 mn, on an air-stream, and by not ing the time taken f o r 
f reez ing t o commence, he calculated the degree of supercooling of 
the drop when f reez ing was i n i t i a t e d . I n measurements on 15O drops 
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he detected no charge separation w i t h equipment having a maximum 
s e n s i t i v i t y of 3 x 10 "^^ 0, and he noted that none of the drops 
formed spicules, shattered, or appeared t o shed water droplets , 
although he states tha t before f reez ing was completed, a l l the 
droplets adhered t o the sides pf the support-tube which would 
i n h i b i t rotation of the p a r t i c l e . According t o Johnson and H a l l e t t 
(1968), however, the p r o b a b i l i t y of the drops shat ter ing i s reduced 
i f spinning i s i n h i b i t e d . The drops observed by Rogers f roze i n 
d i f f e r e n t ways, depending on t h e i r temperatures: 
( i ) above - 10 ^C, f r eez ing progressed from the base 
upward ( u n t i l the drop h i t the side of the tube, when the 
l i q u i d spread over the tube and f roze t o i t ) , and, 
( i i ) below - 10 °C, a t h i n s h e l l o f ice f roze rap id ly 
over the surface of the drop, w i t h the exception of a small 
c i r c u l a r area at the top . The drop h i t the side of the tube 
and adhered, and f reez ing then progressed uni formly from the 
base upward. Bubbles of a i r appeared when the drop was h a l f 
f rozen and, i n the f i n a l stages of f r eez ing , water was forced 
out of the hole i n the top of the drop to form a bulge which 
contained trapped a i r bubbles. 
I V . 2o H a i l and Simulated Hailstones. 
H a i l may occur i n many d i f f e r e n t forms. Mason (l957) defines 
them and t h e i r properties as fo l l ows : 
H a i l . Ice ba l l s or stones varying i n diameter f rom tha t of mediian-
sized raindrops to, an inch or more. They may f a l l s i ng ly or f rozen 
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together i n to i r r egu l a r masses. They 8Lre conposed e i the r of clear 
ice or al ternate clear and opa(p» iayers . 
Small h a i l . Semi-transpeirent, round or conical grains of frozen 
water a few mil l imetres across; eacii p e l l e t generally consists of 
a cent ra l nucleus of s o f t h a i l surrounded by a t h i n layer of ice 
which gives i t a glazed appearance. The grains are wet when they 
f a l l and o f t e n mixed w i t h raindrops. 
Ice p e l l e t s . These a±e transparent, mors or less globular grains 
o f i c e , about the size o f raindrops. Thei r i n t e r i o r s may be l i q u i d 
and the ice s h e l l may burst on s t r i k i n g a hard surface. They are 
probably p a r t i a l l y f rozen raindrops. 
Sof t h a i l , graupel or snow p e l l e t s . These are white , opaque, 
rounded or conical pe l l e t s of diameter up to 6 nm„ They consist 
of a centrfiLL c rys t a l covered w i t h frozen cloud droplets (rime) and 
are generally o f low density, eas i ly compressible and may shatter on 
s t r i k i n g a hard surface. 
Many workers have t r i e d , i n the laboratory, to reproduce 
the d i f f e r e n t types of hadlstone growth on various simulated h a i l -
stones i n many ways, some of which are summarised below. 
I V . 2 ( a ) . The e l e c t r i f i c a t i o n of h a i l by c o l l i s i o n wi th droplets. 
Workman and Reynolds (1950) reported that ca re fu l consider-
a t i on of the e l e c t r i c a l properties of thunderstoims gave strong 
support t o the not ion that e l e c t r i c charge separation i n the cloud 
i s re la ted i n an essential way t o the formation of glaze ice or h a i l . 
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Accordingly, they set up a s ingle experiment i n which the assumed 
charge generating process was simulated by having supercooled watei> 
drops f a l l through cold a i r t o b u i l d up glaze ice by impingement on a 
co ld , insula ted metal p l a t e . They observed, on at least one occasion, 
a p o t e n t i a l d i f fe rence of over 50 V between water on the surface o f 
the glazed p la te and earth. 
They also measured the charge acquired by dropping samples 
o f water on t o a "simulated hai l s tone" , suspended i n a cold box, so 
that the drops would splash o f f the sides of the "hai ls tone". They 
report (Workman and Reynolds, 1950 and 1953) tha t po ten t i a l s consis-
ten t i n s ign and magnitude w i t h those achieved by f r eez ing bulk water 
i n cups were realised. No charge was generated i f the drops d i d not 
freeze on the "hailstone" and, a f t e r the p e l l e t became waitned to 
0 o C by the release of l a t en t heat from the f reez ing drople ts , sub-
sequent co l l i s i ons car r ied away the p e l l e t s ' accumulated charge. 
I t i s d i f f i c u l t t o compare t h i s work of Workman and Reynolds 
w i t h other work on the accret ing, simulated hailstones as no other 
experimental de ta i l s are given. The i r reports imply that glaze ice 
was being foimed on the "hailstones" but no i n d i c a t i o n of the sizes 
and tenperatures of the pe l l e t s or droplets , or the nature o f the 
simulated hai ls tones , i s given. 
Weickmann and aufto Kainpe (1950) sprayed supercooled droplets 
o f between 5 and 100 m diameter onto a 5 mm diameter rod. They 
found charging, which was propor t ional to the ingsaot v e l o c i t y of the 
droplets but which was insensi t ive to the presence o f dissolved s a l t s . 
However, they l a t e r suggested that the charging might have been ser iou-
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s l y a f fec ted by e l e c t r i f i c a t i o n associated w i t h the production of 
the spray. 
I n 1951s. Lueder investigated the e l e c t r i f i c a t i o n assoc-
ia ted w i t h the production of a rimed ice surface when an 0,2 m 
long dhromium-plated rod was rotated i n a natural cloud of super-
cooled drople ts . The rod acquired a negative charge and Lueder 
believed tha t the pos i t ive charge had been carr ied away by droplets 
whidi had been f l u n g o f f without f reez ing , 
Reynolds, Brook and Gourley (1957) found no charging on a 
4 mm diameter ice-coated sphere moving at 10 m s~^  through a cloud 
containing supercooled droplets , probably of less than 5 /um diametero 
Appreciable charging was found only when ice .crystals iter® present. 
The sphere became p o s i t i v e l y charged iriien droplets predominated i n 
the doudo 
Latham and Mason (1961 B ) investigated the e l e c t r i f i c a t i o n 
associated wi th the growth of a deposit of rime ice aa an ice-coated 
copper sphere of 5 ^ diameter. A spray of droplets was produced by a 
spinning-top atomiser and i t was possible t o select a narrow spectrum 
of droplets of the required s ize . These droplets f e l l t h r o u ^ a cold 
room, i n which they became supercooled, before being drawn past the 
simulated hailstone attached t o an electrometer having a time constant 
of 200 S o Droplets having diameters i n the range ifO to 100/jm, 
impinging at ve loc i t i e s of 5 t o 15 ist^axted appreciable negative 
charge to the probe, Latham- and Mason noted that appreciable numbers 
o f sp l in t e r s were produced by droplets i n t h i s size range and found 
good co r r e l a t i on between the number of sp l in ters produced and the charge 
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separated. They explained t h e i r results i n teitns of the Temperature 
Gradient Theory. 
Church (1966) performed experiments designed to investigate 
discrepancies i n the results of these previous workers. He found no 
s i g n i f i c a n t charging when a 4 mm diameter phosphor-bronze b a l l , coated 
w i t h ice 0,5 t o 0,75 nm t h i c k , was rotated at a t angen t ia l v e l o c i t y of 
10 m i n a cloud of supercooled water droplets at - 18 ''C, The 
forward face of the ba l l s became coated wi th hard, opaque ice but he 
could f i n d no evidence o f s p l i n t e r production or splashing, which 
might expla in why no charge was separated both i n h is experiment and 
the experiment of Reynolds et a l , ( l957). However, when the cloud was 
seeded by introducing e i the r a few small fragments o f s o l i d carbon diox-
ide or a rod, cooled i n l i q u i d n i t rogen, in to i t , immediate, strong 
e l e c t r i f i c a t i o n was produced. Although Church does not describe the 
appearange of the "hailstone" under these condit ions, Berriman (pr iva te 
communication), using a mod i f i ca t ion of Church's apparatus, observed 
that a rimed surfaoe was produced under somewhat s i m i l a r condit ions, 
suggesting tha t s p l i n t e r i n g was a possible explanation f o r Church's 
results. 
The e l e c t r i f i c a t i o n on shat ter ing of l a rger water drops, 
having diameters i n the range 50 t o 150^^, on encountering a rotating 
ice-coated rod of 4 
j j B i i diameter, was also studied by Church. The sur-
face of the rod became r ipp led euid glassy and only droplets of about 
10 upwards had been f l u n g o f f the probe. The v a r i a t i o n of charging 
w i t h droplet teniperature i s shown i n F i g , I V , 2 . He suggested tha t the 
results might be explicable i n terms of the Workman and Reynolds E f f e c t 
















by assuming that a small f r a c t i o n of the droplet froze on touching 
the "hedlstone". Charge might be separated across the resu l t ing i c e / 
water in ter face and t h i s charge separation would be registered ais an 
electrometer de f l ec t ion when the droplet was f l u n g o f f . However, he 
was unable t o explain e i the r the reduction i n negative charging when 
the temperature became lower or the pos i t ive charging caused by the 
warmer droplets , 
Rogers (1967) investigated the e l e c t r i f i c a t i o n of i ce -
spheres of 15 nan diameter, f r e e l y supported on an a i r - Je t , When a 
sphere was accreting droplets i n the range 5 t o IOO / to diameter, i t 
became negatively charged at temperatures of above - 10 C^ and pos-
i t i v e l y charged at temperatures of = 12 °C and below. He believed 
t h i s change i n sign could, i n pa r t , be a t t r ibu ted to a difference i n 
the way i n which droplets f roze . (See Section I V . 1.) He suspec-
t ed tha t water droplets might be f lung o f f at temperatures above 
•=10 °C, whereas ice sp l in te r s would be ejected at lower temper-
atures. The s ign of the charge separation was opposite to that found 
by Magono and Takahashi (1963) who noted that the diarge acquired by 
a r iming probe depended on the temperature of the probe and the riming 
ra te . .Magono and Takahashi, however, explained t h e i r results i n terms 
o f c o l l i s i o n s between ice crystals eind the probe, the riming due to 
sv5)eroooled droplets being of importance only i n determining the nature 
o f the probe surface. I n Hogsrs' experiments, no ice crystals were 
deteerted i n the a i r - Je t and he assumed, therefore , that a d i f f e r e n t 
charge generating mechanism was operating from that proposed by 
Magono and Takahashi, 
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IVo 2(b) The e l e c t r i f i c a t i o n of h a i l and snow by c o l l i s i o n 
w i t h ice p a r t i c l e s . 
We have already seen tha t the e l e c t r i f i c a t i o n of h a i l on 
c o l l e c t i n g water droplets i s enhanced by the presence of ice crystals 
i n the cloud, (See Section I V , 2(a) . ) Reynolds, Brook and Gourley 
(1957) explained the negative charging of t h e i r spheres i n tenns of 
the temperature gradient between the "hedlstone", warmed by the la tent 
heat released from the f reez ing of the droplets , and the co ld , reboun-
ding ice c rys t a l s . They also reported tha t very l i t t l e charge was 
separated i f no droplets were present i n the cloud or i f the cloud 
pa r t i c l e s and the simulated hailstone were at the same temperature. 
Latham and Mason (1961 B) measured the e l e c t r i f i c a t i o n of an 
iced probe by the passage of a stream of ice crystals i n the absence 
of l i q u i d water. The probe consisted of an insulated metal cyl inder 
covered w i t h a t h i n coating of ice and mounted on a copper rod. The 
surface teniperature of the probe could be raised, by means of a small , 
i n t e r n a l e l e c t r i c heater, eind lowered, by placing a cy l inder containing 
s o l i d carbon dioxide at various pos i t ions along the copper rod. Probe 
temperatures as low as - 30 °C were obtainable, A stream of 20yuni 
ice crys ta ls was drawn past the probe f o r a known time and the quanti ty 
of charge acquired by the probe was measured by plac ing the probe 
i n an induc t ion can attached t o an eleotrometer. Latham and Mason 
found that the charge separated var ied l i n e a r l y w i t h the temperature 
d i f ference between the probe and the c rys ta l s . However, f o r a tem-
perature d i f fe rence o f 5 deg, 0, the average charge separated per 
c r y s t a l c o l l i s i o n was 1.7 x 10 " ' '^ C which was a f a c t o r of 10^ less 
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than that found by Reynolds et alo ( 1 9 5 7 ) . 
Church ( 1 9 6 6 ) repeated the work of Latham and Mason using 
somewhat d i f f e r e n t apparatus. The chsirging measured by Church was 
greater by a f ac to r of 5 O than that measured by Latham and Mason and 
d id not appear to vary l i n e a r l y w i t h the measured temperature gradient. 
He was unable to account f o r these discrepancies completely but 
a t t r i bu t ed them to differences between his probes and those used b y 
Latham and Mason. Recently, there has been much discussion on the 
possible enhancement of the Temperature Gradient E f f ee t under condit-
ions d i f f e r e n t from thdse f o r which the quanti tat ive theoiy was worked 
outj, ( eogo Latham and Stow, Discussion, Quarto J . Royal MetoSoCo, 
V o l o 94, page 415 (19680)) and i t appears cer ta in that quite large 
•variations from the calculated values may be possible i n some eases« 
IVo 2 ( © ) o E l e c t r i f i c a t i o n on mel t ing. 
From t h e i r resul ts on the melt ing of ice specimens. Dinger 
and Gunn ( 1 9 4 6 ) predicted that melting h a i l would become pos i t i ve ly 
diargedo 
Drake ( 1 9 6 8 ) observed the melt ing of small frozen water drops 
wi th diameters o f "a few mi l l imet res" , supported by a wire loop connec-
ted t o an electrometer. The temperature, humidity and ve loc i ty of the 
gas f low around the specimen were c a r e f u l l y control led. No charging 
was reoorded u n t i l the specimens began to melt . Strong, posi t ive 
charging coincided wi th the onset of strong convection i n the melt-
water and continued u n t i l the las t traces of ice disappearedo The 
separation of charge was due to the presence of a i r bubbles i n the 
sample, whid i burst on reaching the water surface. Convection i n the 
melt-water would have the e f f e c t of continuously renewing the water 
surface which might otherwise have become contaminatedo Such contam-
i n a t i o n has the e f f e c t of reducing the charge separated by burst ing 
bubbles. 
Using aji a i r - Je t f o r supporting ice spheres of 1 5 nm diameter, 
Rogers ( 1 9 6 7 ) also found pos i t i ve charging on mel t ing . However, when 
small water droplets were f l u n g o f f the melt ing simulated hai l s tone , i t 
became negat ively charged. He postulated t h i s might explain the f i e l d 
measurements of MaoCready and P r o u d f i t ( 1 9 6 5 ) who found negative charges 
on mel t ing h a i l i n the + 2 t o + 8 °C region. 
The e l e c t r i f i c a t i o n on melt ing o f f a l l i n g snow crysta ls has 
been invest igated by Magono and Kikudhi ( 1 9 6 5 ) and Kikudhi ( 1 9 6 5 ) . 
They found t h a t na tura l snow crys ta ls acquired pos i t ive charge on 
mel t ing , usual ly s u f f i c i e n t t o overcome t h e i r o r i g i n a l negative charge. 
They found that the charge acquired was approximately propor t ional t o 
the a i r bubble concentration contained i n the snowflakes, although large 
a i r bubbles d i d not appear t o contribute to the charging. Magono and 
Kikuchi noted t ha t the snowflakes under observation melted to form a 
single drop and d i d not break up. 
I n general, these resul t s seem to indicate that melting under 
quie t , non-turbulent conditions leaves the p e l l e t w i t h a pos i t ive charge, 
whereas melt ing which involves the loss of water from the surface of 
the ice p e l l e t would leave i t w i t h a net negative charge. 
4 5 . 
IVo 3 o E l e c t r i f i c a t i o n Associated wi th the Formation of Spongy 
Ice on H a i l . 
When supercooled water droplets freeze, they do so very 
quick ly , mudi more quickly than the water i s f rozen i n , f o r example. 
Workman and Reynolds-type experiments. Therefore, measurements made 
at lower f reez ing rates may not be applicable under the conditions of 
accret ion of supercooled droplets by h a i l i n the atmosphere, 
Macklin and Ryaa ( 1 9 6 2 ) and ( 1 9 6 5 ) and Pruppadier ( 1 9 6 7 ) 
have established that ice crystals grow i n supercooled water by mult iple 
branching, thereby producing an interwoven network of dendr i t ic ice 
structures which are capable of re ta in ing considerable amounts of l i q u i d 
water. L i s t ( 1 9 6 O ) and Macklin ( 1 9 6 1 ) have shown that i f the rate at 
which supercooled cloud droplets in^jinge on an ice pe l l e t i s s u f f i c i e n -
t l y large , the heat of f u s i o n released during the f reezing cannot be 
dissipated s u f f i c i e n t l y r ap id ly and an ice-water mixture, or spongy ice^ 
i s deposited on the growing ice p a r t i c l e . The enhanced water retent ion 
i n the production of spongy ice compared w i t h , say, the production 
of gla^e ice, may resul t i n a difference i n the mechanism of charge 
separation which can operate under these d i f f e r e n t conditions. 
The results ' of laboratory invest igat ions, summarised b r i e f l y 
above, c l e a r l y show the v a r i a t i o n i n experimental resul ts which may be 
obtained by s l i g h t l y changing the experimental conditions. I t i s 
hoped tha t the experimental work described below may show which of 
these conditions are l i k e l y to be of major iniportance i n determining 
the e l e c t r i f i c a t i o n of ice pa r t i c les and water droplets. 
CHAPTER V. 
EXPERIMENTAL IFVESTIGATION OF THE ELECTRICAL 
"~ EFFECTS AT ICE/WATER INTERFACES" ~ 
We have seen i n the preceding chapters tha t many of the 
processes thought t o be of importance i n the e l e c t r i f i c a t i o n of 
clouds, h a i l , r a i n and snow involve charge separation medxanisms 
which operate at a i r /water or water / ice in ter faces o Many workers 
have studied the a i r /water in te r face and a considerable amount of 
t h e o r e t i c a l aJid experimental work has been d i rec ted towsirds deter-
mining the propert ies o f , and s t ructure w i t h i n , the i n t e r f ace , but 
con5)£j:'atively few attempts have been made to investigate the nature 
of the ice/water interfacco 
The experiments described i n the f o l l o w i n g chapters were 
designed w i t h the object of character is ing the e l ec t rok ine t io , or 
aeta p o t e n t i a l , should one e x i s t , between ice and very d i l u t e acqueous 
so lu t ions , and t o see i f the resul ts could be i n any way related to the 
charge separation mechanisms already known t o exis t i n ice/water 
systemso 
7 o 1o Experiments w i t h Ice-coated Ba l l so 
Chur«di ( 1 9 6 6 ) observed tha t a moving ice-coated brass rod o f 
4 mm diameter became charged when droplets splashed from i t s surface. 
(See F i g . 1 7 , 2 , ) . The appearance o f the resultant ice surface sugges-
ted that the droplets had spread out on iii5)act and had flowed over the 
surface of the ice t o f o m a l i q u i d layer which had then f rozen . 
However, port ions o f the l i q u i d l aye r had been l o s t before f r eez ing , 
perhaps due t o the c e n t r i f u g a l force exerted by the r o t a t i n g rod, or 
the conf igura t ion of the a i r f l ow around the rod . I n order t o b© able 
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to compare d i r e c t l y the amount of charge which had been acquired 
by the rod and the charge which might be separated at the ice/water 
in te r face as a result o f the motion of the water over the ice , I 
decided to t r y to investigate the charge acquired by ice-coated brass 
spheres of 4 mm diameter on f a l l i n g through water at 0 ° C . 
A perspex tube, i n t e rna l diameter 2 5 mm, external diameter 
3 2 nm and 2 4 5 nm long, was suspended v e r t i c a l l y i n an earthed, 
s tainless s t e e l , r e f r i ge ra t ed tank, O . 5 6 m deep and 0 , 4 3 m i n diam-
eter , .maintained at tecoperatures below 0 C . (See F i g , V , 1 , ) The 
bottom 5 mm of the tube were plugged w i t h a brass disc , connected to 
an ECHO N 6 I 6 B Vibrat ing-reed Electrometer. (The electrometer i s 
described i n more d e t a i l i n Appendix 1 . ) Three brass induction 
r ings , o f 3 2 mm in t e rna l diameter and 1 8 mm i n depth were attached to 
the outside of the tube and could be connected t o a second electrometer 
i n d i v i d u a l l y or i n p a r a l l e l . To prevent condensation from shorting 
out the induct ion rings or the brass plug, the whole tube assembly was 
sprayed w i t h "Damp S ta r t " , a quick-set t ing p l a s t i c i n an aerosol can 
used t o protect high-tension leads on p e t r o l engines. 
The detection system was tested by dropping 4 mm nylon 
spheres down the tube. These spheres almost always carr ied a charge 
whid i was registered as electrometer deflections both by the e lec t ro-
meter connected t o the induct ion r ings and the electrometer connected 
t o the brass base of the cyl inder . The maximum s e n s i t i v i t y of the 
electrometers; was l i m i t e d by the background noise l e v e l to about 
- 1 4 
1 0 C f o r the electrometer connected t o the brass plug and consid-
erably less than t h i s f o r the electrometer connected to the induction 
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r i n g s , because the response time of the electrometer i s of the order 
of 1 s f o r f i a l l scale d e f l e c t i o n . A rough c a l i b r a t i o n showed that 
the maximum s e n s i t i v i t y of the induct ion r i n g system was f o r charges 
o f about 1 0 " 5 C, i . e . about h a l f of the charge separation detected 
by Church at 0 ° C, 
De-mireraliaed water at the melt ing point was poured in to 
the cyl inder and the electrometers were switched on. The 4 mm brass 
o 
spheres were coated w i t h ice by cooling them to about - 3 0 C i n a 
second r e f r i g e r a t o r compartment and dropping them in to a t r a y of 
f reez ing water on the compartment f l o o r , A smooth i c e - she l l formed 
over the surface of the spheres, w i t h the exception of a point where 
a sphere rested on the ice-covered f l o o r of the t r a y . The spheres 
were broken away from the ice w i t h tweezers and any holes i n the i c e -
shel ls were f i l l e d by re-cool ing the spheres and dropping cold water 
on t o them. Using earthed tweezers, the simulated hailstones were 
t r ans fe r red t o the perspex tube and released Just above the surface of 
the water. 
The electrometer detected no charge as the sphere f e l l t h r o u ^ 
any of the induct ion r ings . However, when the spheres h i t the base o f 
the tube, both electrometers regis tered de f l ec t ions . Uncoated brass 
spheres gave s i m i l a r def lec t ions and i t was concluded tha t they were due 
t o p i ezo -e l ec t r i c charging of the perspex tube. The f a i l u r e of the 
induct ion r i n g system t o detect any charge on the spheres could pertiaps 
be a t t r i b u t e d to the h i ^ e r d i e l e c t r i c constant of water compared w i t h 
tha t o f a i r . The time taken f o r the charge on the spheres t o be induced 
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onto the r i n g would be increased and i t i s possible that only a small 
f r a c t i o n o f the charge on the sphere would be induced before i t f e l l 
out of the r i n g . The method also suffered from other disadvantages; 
( i ) the water i n the tube tended t o warn up, even when 
ice was forming on the brass base, so the ice on the sphere 
was melt ing as i t f e l l through the water and i t was uncertain 
whether or not the sphere was s t i l l completely covered w i t h 
ice when i t a r r ived at the bottom of the tube: and, 
( i i ) the presence o f ice on the brass plug might i n v a l -
idate d i rec t readings of the charge on the sphere, since 
charge was possibly being separated by the Workman and 
Reynolds E f f e c t or the Temperature Gradient E f f e c t . 
Accordingly, f u r t h e r experiments of t h i s type were discon-
t inued i n favour of experinents whissh might give a less ambiguous 
result. 
V, 2 , The Rotating Tube Experiment, 
When a hor izonta l cyl inder containing a l i q u i d and a gas i s 
rota ted about i t s long axis , the l i q u i d i s centrifuged to the walls 
of the cy l inder and the gas takes up a pos i t i on i n the centre of the 
tube along the axis of retation. This p r inc ip le was used by 
Mcffaggert ( 1 9 1 4 and 1 9 2 2 ) and A l t y ( 1 9 2 4 and 1 9 2 9 ) t o determine the 
oharges on gas babbles i n l i q u i d s . A small gas bubble was introduced 
i n to a glass tube f u l l o f l i q u i d . The tube was rotated by an e l e c t r i c 
motor and the bubble took up a pos i t i on along the axis of ro t a t i on . 
When a po t en t i a l difference was applied between electrodes at the ends 
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of the tube, the bubble moved along the tube and the charge on the 
bubble was deduced by considering the bubble v e l o c i t y , the viscous 
drag opposing migrat ion along the tube and the force on the bubble 
due t o the e l e c t r i c f i e l d , McTaggert found i t necessary to use as 
smooth and regular a tube as possible t o prevent, or at any rate 
reduce, the tendency of the bubbles t o take up an equ i l ib r ium pos-
i t i o n along the axis of r o t a t i o n of the tube corresponding to the 
maximum i n t e r n a l diameter of the tube. 
This system should work f o r any mater ia l i n a denser f l u i d 
and i t was decided t o attempt t o a l i g n an ice p a r t i c l e along the 
axis o f a r o t a t i n g tube f i l l e d w i t h water at 0 °C, I f i t acquires 
a charge as a resu l t o f the motion of the water i t should be possible 
t o apply an e l e c t r i c f i e l d and move the p a r t i c l e i n the same way as 
was done f o r a i r bubbles, 
Gla5s was not thought to be a sui table mater ia l f o r the 
tube siiice the equipment would be run at low temperature and there 
would always be a r i s k of the enclosed water f r eez ing and f r a c t u r i n g 
the tube, Perspex or be t te r s t i l l , c lear polystyrene mig^t be more 
su i tab le , but oommeroially produced tubes were found to vary i n i n t e r -
nal diameters by 5 t o from t h e i r nominal bores. However, i t was 
found tha t perspex tubing could be turned on a la the and re-polished 
w i t h an abrasive metal po l i sh to give a good transparent f i n i s h w i t h -
out much d i f f i c u l t y and i t was less l i k e l y to crack, warp or melt under 
these conditions than polystyrene. Therefore, i t was decided to use 
perspex, but since i t i s quite b r i t t l e , the addi t iona l precaution of 
















taken. I n prac t ice , the tube never f rac tured due to the expansion 
of the contents on sudden f reez ing , and the increase i n volums was 
taken up by movement of the electrodes. 
The tuba, see P i g . V , 2 , , was made from nominally 1 9 mm 
i n t e r n a l diameter perspex tubing which was c a r e f u l l y reamed out to 
2 2 , 2 mm on a lathe using p a r a f f i n as a lubricant f o r the reaming t o o l . 
The outside of the tube was also turned down s l i g h t l y to prevent d i s -
t o r t i o n o f the f i e l d of view when the tube was viewed through a micro-
scope due to s l i g h t i r r e g u l a r i t i e s on the tube's outer surface. Both 
surfaces of the tube were then c a r e f u l l y polished w i t h metal pol i sh t o 
restore the o r i g i n a l glassy f i n i s h . The ends of the tube were sealed 
w i t h brass electrodes, as described above, but i t was found to be 
necessary t o f i t neoprene ' 0 ' - r ings (as shown i n P i g , V . 2 . ) to seal 
the tube, so as t o prevent water from being centr lfuged out from the 
very narrow gaps between the electrodes and the tube. Loss of water 
from the tube allows microscopic a i r bubbles to appear i n the tube, 
i n t e r f e r i n g wi th the measurements. 
The pu l ley-dr iven electrode i s mounted i n a b a l l bearing 
supported on an insu la t ing t u f n o l block bolted to a base board. 
The other electrode i s supported on a tapered, s tee l "centre" also 
mounted on a t u f n o l block. The pos i t i on of the "centre" i s adjustable 
so tha t play i n the bearing can be taken up. Before measurements axe 
made the "centre" i s f i x e d by means of a lock-nut , A poten t ia l d i f f -
erence can be applied between the electrodes using carbon brushes 
rubbing on t h e i r exposed surfaces. 
The tube may be f i l l e d w i t h l i q u i d through a taper-tapped, 
5 2 . 
4 B.A, hole which i s then sealed by a 4 B.A, nylon b o l t . 
Before commencing the ejcperiments, the tube and electrodes 
were dismantled and scrubbed i n a soap so lu t i on . They were then 
thoroughly washed i n de-mineralised water and allowed t o stand over-
night i n a 2 l i t r e beaker f u l l of de-mineralised water before r e -
assembly. The tube was f i l l e d w i t h water by in se r t i ng the t i p of the 
needle of a hypodermic syringe in to the f i l l i n g hole and slowly pump-
ing water in to the tube, t i l t i n g the tube so as t o allow a l l the small 
air-pockets and bubbles, whida were i n c l i n e d t o be trapped inside the 
tube, t o escape through the f i l l i n g hole . When a l l the a i r had been 
expelled, the tube was f i l l e d t o overf lowing and the nylon b o l t was 
inser ted , t ak ing care not to introduce any a i r bubbles. The whole 
apparatus was then t rans fe r red t o a cold-room maintained at between 
- 1 and - 3 °C, 
The oold-room had a working space measuring 1 , 4 m long by 
0 . 9 m wide by 2 . 4 m i n height and was f i t t e d w i t h a perspex window 
threugh whid i the tube could be observed. Trap-doors were f i t t e d t o 
t h i s window t o enable adjustments t o be made to the apparatus without 
entering the reom, so tha t the tentperature of the environment w i t h i n 
the cold-rpom could be maintained. 
Eventual ly , ice began to form on the surface of the electrodes. 
Usual ly , t h i s took the form of a t h i n sheet of glaze ice whid i could 
be removed by swi td i i ng the e l e c t r i c motor on f o r a few minutes to 
br ing the warmer water i n the middle of the tube i n t o contact w i t h the 
electrodes J but occasionally a l l the water became supercooled and 
f roze suddenly producing a spongy-ice and water mixture i n the tube. 
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When t h i s happened, the tube was rotated and gently warmed wi th warm 
a i r f rom a h a i r - d r | e r u n t i l the l a s t traces of ice had Just disapp-
eared. 
Having by these means obtained a tube f u l l of water at a 
temperature very close t o the f reez ing po in t , the nylon stopper was 
removed and a small s l i v e r of ice was introduced in to the tube. Any 
a i r whid i had also entered was removed as before using a hypodermie 
syr inge. The syringe was kept outside the oold-=room to prevent the 
water i n the needle from f reez ing , but could be introduced in to the 
cold room through one of the t rap doors when required. 
The stopper was replaced i n the tube and the motor was 
switched on. The ice p a r t i c l e took up a pos i t i on along the axis of 
the tube, but at t h i s point d i f f i e u l t i e s arose. 
( i ) The ioe p a r t i c l e was never exact ly spherical and 
usual ly i t was long, t h i n and angular. When i t took up a 
p o s i t i o n along the axis of the tube, i t s centre of gravi ty 
may have been exact ly on the axis of r o t a t i o n of the tube. 
However, a l t h o u ^ there was some tendency f o r the ice t o l i ne 
up w i t h i t s longest axis along the tube, t h i s was not very 
marked and usual ly the p a r t i c l e precessed about the axis of 
r o t a t i o n . This made observation of the pa r t i c l e t h r o u ^ the 
t r a v e l l i n g microscope d i f f i c u l t , 
( i i ) Despite the precautions taken to ensure that the 
o 
water was as near 0 C as possible, i t was always s l i g h t l y 
above the mel t ing point and the ioe sp l in te r s were a l l slowly 
mel t ing . Usual ly, less than two minutes of observation of the 
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p a r t i c l e s was possible , 
( i i i ) Although only ice specimens vrtiidi were as f r ee of 
a i r bubbles as possible were introduced i n to the tube, they 
Hlways contained a few microscopic bubbles. On melt ing of 
the i ce , the bubbles were released in to the water and took 
up a pos i t i on along the axis o f retation. The a i r bubbles 
tended t o give an in^julse t o the ice as they were released, 
causing the ice p a r t i c l e to move sharply along the tube 
each time a bubble was released. Often the ice p a r t i c l e was 
for®ed o f f the tube axis when bubbles were released. Elec-
t r i c a l measurements were impossible under these conditions 
and an atteaopt t o segregate ios pa r t i c l e s and a i r bubbles, 
by varying the speed of r o t a t i o n of the tube was unsuccess-
f u l . 
Therefore, another apprach to the problem o f measuring a 
zeta p o t e n t i a l was t r i e d , 
V, 3 , E l e c t r i o a l Measurements w i t h Ice Tubes, 
The relationship between the p o t e n t i a l d i f fe rence produced 
between the ends of a c a p i l l a r y tube and the zeta p o t e n t i a l between 
the mater ia l of the tube and the l i q u i d f lowing t h r o u ^ i t was derived 
i n Section I I I . 3 . Therefore, i f i t i s possible t o measure a po t en t i a l 
d i f fe rence between the ends of an ice tube threugh which water, or a 
d i l u t e aqueous so lu t ion , i s f l o w i n g and provided tha t t h i s po ten t i a l 
i s caused by the movement of a p o r t i o n of the e l e c t r i c double layer , 
i t w i l l be possible t o calculate a value f o r the zeta p o t e n t i a l . 
5 5 . 
1 I n discussing the mechanics of f low-diarging of l iqu ids 
f l owing t h r o u ^ tubes, Loeb ( 1 9 5 8 ) states that only l i m i t e d charge 
separation would be possible i f the resistance of the solu t ion 
return path was so low that the charge leakage rate nearly equalled 
the generation ra te . Flow e l e c t r i f i c a t i o n i n large tubes and f o r 
bulk movement has been observed to be confined t o l iqu ids having 
a volume r e s i s t i v i t y i n excess of 1 0 Sh m. Water and d i lu te ion ic 
solutions wi th resistivities i n the range 1 0 ^ t o ^(}^<^^m. would not 
be expected to give detectable e l e c t r i f i c a t i o n under such conditions, 
- 7 _ 2 
but Loeb points out that i n glass tubes o f 1 0 m radius, even 1 0 
molar potassium chloride so lu t ion w i t h a resistivity of about 1 0 A m 
should give e l e c t r i f i c a t i o n . Therefore, i t should be possible to 
detect any f low e l e c t r i f i c a t i o n produced by very d i lu t e ionio solutions 
i n a tube w i t h an i n t e rna l diameter of about 1 mm or less and a 
length of at least 1 0 mm. 
I t i s also essential i n streaming, or f l ow , po ten t ia l 
measurements that the resistance of the tube i t s e l f should be large, 
so that the charge separated does not leak away through the s o l i d . 
The resistivity of ice at temperatures near f reezing i s about two 
orders of magnitude greater than that of water. Therefore, provided 
tha t the cross sect ional area of the ice tube i s not greater than 
1 0 0 times tha t of the l i q u i d column, the charge separated should 
s t i l l be detectable. Thus i t appears that i t should be possible to 
detect a streaming po t en t i a l produced by water f lowing t h r o u ^ an 
ice tube. 
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7 , 3 ( a ) , Experiments w i t h unsupported ice c a p i l l a r y tubes. 
I f i t were possible to manufacture an ice c a p i l l a r y tube 
whid i was supported at each end only by an electrode, many sources 
o f spurious charges generated by changes of temperature and mech-
anica l shocks on the insu la t ing mater ia l of a support tube would be 
e l iminated . Tests w i t h various types o f mould showed tha t i t was 
possible t o produce c a p i l l a r y tubes of about 1 0 0 mm length , w i t h an 
i n t e r n a l diameter of 1 , 5 mm and an external diameter of 1 0 , 8 mm, 
complete w i t h brass electrodes by the f o l l o w i n g method. 
A brass mould, o f the type shown i n F i g , V „ 3 . , was disman-
t l e d , washed i n a soap so lu t ion , r insed thoroughly w i t h de-mineralised 
water and re-assembled. I t was then f i l l e d w i t h water, using a hypo-
dermic syringe, t ak ing care t o ensure tha t no a i r bubbles were l e f t i n 
the mould. The mould was t r ans fe r red to a r e f r i g e r a t o r and l e f t there 
u n t i l the water f r o z e . 
I f the r e f r i g e r a t o r was maintained at a temperature of about 
- 3 0 ° C, the r e s u l t i n g ice tube weis opaque and contained many small 
a i r bubbles. These ice tubes were very f r a g i l e . However, i f the 
r e f r i g e r a t o r was at between 0 ° 0 and - 5 ° C and the mould was l e f t 
at t h i s temperature f o r about a week before i t was opened, a c lear , 
strong ice tube was produced which was composed of only a few large 
crysta ls and contained fewer, but larger , a i r bubbles. 
While they were s t i l l i n the r e f r i g e r a t o r , the ice tubes 
were removed from the moulds i n the f o l l o w i n g way. F i r s t l y , the 
stainless s tee l wire was rotated t o f r e e i t from the ice and then 
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Fig.Y.4. EXPERIMENTAL ARRANGEMENT 
FOR UNSUPPORTED ICE CAPILLARY TUBES. 
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caps was removed by warning i t gently by holding i t i n the hand 
f o r a second or two and then quickly unscrewing i t from the electrode. 
The f i l l i n g hole was checked to ensure that i t wa3 f ree of ice and 
the brass body of the mould was withdrawn from the ice tube by 
wanning i t gent ly by hand and slowly easing the ice out by p u l l i n g 
on the remaining end cap. F i n a l l y the end cap was unscrewed from 
the electrode. 
About one Gspillary tube i n f i v e could be successfully 
obtained by t h i s procedure. The remainder shattered or cracked on 
removal from the mould or else the cap i l l a ry became blocked as a 
resul t o f a small drop of water f i n d i n g i t s way in to an electrode and 
f reez ing there . 
I n order t o measure streaming po ten t ia l s , the tube was 
mounted v e r t i c s d l y i n the r e f n g e r a t o r w i t h short lengths of brass 
tubing screwed onto the electrodes. The lower tube was connected t o 
earth and clajuped, the upper tube was connected to a vibrat ing-reed 
electrometer. Short l«Bgths of clear 1 0 mm PoV,C<, tubing were attached 
t c the brass fcubds and pyre i separating funnels were inserted in to the 
open ends of the tubing, (See F i g . V . i f . ) The electrometer was used 
without a shunting resistance across i t s input . On the f i r s t occasion 
tha t t h i s was done a steady de f l ec t ion of about 3 0 was obtained 
which was eventually traced to using electrodes made from d i f f e r e n t 
pieces o f brass. Thereafter , a l l electrodes were made i n matching 
pa i rs from the same piece of brass and standing electrode potentials 
were reduced t o a few m i l l i v o l t s . 
5 8 . 
A mixture of crushed ice and water was poured in to the 
upper separating funne l and the taps were opened. Depending on the 
r e f r i g e r a t o r temperature, one of two things he?)penedo E i the r the 
water f roze i n the tube, blocking i t completely, or the lower elec-
trode qu ick ly became waimed, melted the surrounding ice and became 
detached from the ice tube. I n both cases, the po ten t ia l s measured 
by the electrometer were e r r a t i c and o f the order o f tens of m i l l i v o l t s o 
I n a l l these experiments, i t had proved to be impossible to 
con t ro l the temperature of the water or ice s u f f i c i e n t l y w e l l t o ensure 
tha t the conditions were stable f o r long enou^ t o measure an e lec t ro -
k i n e t i c e f f e c t . I n an attempt t o produce water continuously at 0 °C, 
water was made to f low through c l e a r , P o V o C . t ub ing ,wi th an i n t e r n a l 
diameter of 1 0 mm^which was immersed i n a r e f r i g e r a t e d tank f i l l e d w i t h 
methylated s p i r i t , maintained at a temperature of - 2 5 ° Co The water 
whid i emerged never quite reached 0 ° C and eventual ly the f low ceased. 
When the tube was examined i t was seen to have become blocked w i t h ice 
contsdning many small a i r bubbles. These appeared t o be arranged i n 
streams beginning at the wal ls of the tube, but on nearing the centre o f 
the tube, they had bent over towards the d i r ec t i on of the f low u n t i l they 
had jo ined t o form a t h i n column along the axis o f the tube about 
0 , 5 mm i n diameter. This indica ted that ice had f i r s t fonned on the 
walls o f the tubing and had gradual ly become t h i c k e r u n t i l a c a p i l l a r y 
tube was f o m e d . I t appeared tha t t h i s method could be used to make an 
ice c a p i l l a r y tube i n s i t u i n an insu la t ing support tube. Fur ther , by 
changing the temperature o f the coolant, the temperature of the water 




























F i g . V . 5 . APPARATUS FOR MEASURING THE 
ELECTRIF ICATION O F W A T E R O N F L O W I N G 
THROUGH A P E R S P E X - S U P P O R T E D ICE 
T U B E . 
5 9 o 
I n t h i s way, the required degree of temperature s t a b i l i t y f o r the 
measurement of an e l ec t rok ine t i c e f f e c t might be obtainedo The 
f i r s t piece of £5)paratus b u i l t to t es t t h i s idea d i d not woi^ i n 
quite the desired way, but d i d provide some in teres t ing resul ts , 
Vo 3 ( b ) The perspex tube experiments. 
The perspex tube 1 5 5 mm long w i t h an i n t e rna l diameter of 
5 o 3 nm and an external diameter of 1 2 . 5 mm i s mounted inside three 
co=axial brass cylinders as shown i n Pig.Vo56 A l l the Joints between 
these cyl inders , the end plates and f i t t i n g s were si lver-soldered t o 
ensure good e l e c t r i c a l contact at low temperatures. (See Appendix 2 . ) 
A smal l , brass cup i s f i t t e d t o the upper electrode and connected, 
v i a a co-ax ia l lead, t o a v ibra t ing-reed electrometer. 
A 3 3 ^ aqueous ant i - f reeze so lu t ion (containing ethylene 
g l y c o l and methanol) was pumped in to the spase between the inner two 
brass tubes t o a l e v e l determined by the e x i t tube. The innermost, 
earthed, brass tube was found t o be necessary t o eliminate charging 
o f the perspex tube by the ant i - f reeze so lu t ion . The anti-freeze 
so lu t ion was returned t o a 6 5 l i t r e - c a p a c i t y r e f r ige ra ted tank, 
maintained at - 1 5 °Cs. fw>m which i t was re -c i rcu la ted by a Stewart 
and Turner c e n t r i f u g a l pump, w i t h a maximum pumping rate of 6 . 5 
l i t r e s per minute. 
De-mineralised water was poured in to the space between the 
outer two brass cyl inders , w i t h the needle valve below the earthed 
electrode i n the closed pos i t i on . When ice s tar ted to form on the 
inner w a l l o f the water reservoir the outer l i d was f i x e d i n pos i t ion 
6 0 , 
and the needle valve was opened. Water f lowed in to the perspex 
tube and, a f t e r one or two minutes, the vacuum pump was switched on 
and the water flowed out of the tube back in to the reservoir . There-
a f t e r , the vacuum punrp was switched on and o f f at between one and two 
minute i n t e r v a l s . 
When there was no ice present i n the tube, the electrometer 
readings fo l lowed the charac te r i s t i c pat tern shown i n F i g . V , 6 . The 
upper trace was obtained w i t h the l i d o f the middle tube removed, the 
lower t race , w i t h the l i d i n p o s i t i o n . The various poin ts marked 
along the trace correspond t o operations which were performed,and 
v i s u a l observations made, at t ha t t ime, F i g . V o 6 , shows tha t when water 
was i n the perspex tube, i n the absence of i ce , there was a small 
standing p o t e n t i a l of - 1 0 mV which was not a f f ec t ed by the presence 
of the operator when the l i d was removed. Subsequent "runs" were made 
w i t h the l i d removed so tha t v i sua l observations could be made. 
When the water had been fo rced ^ backward and forward througih 
the tube three or fou r times, an abrupt change was observed on the 
electrometer t race . (See P i g . V . y . ) By stopping the experiment at t h i s 
point on other occasions, t h i s change was corre la ted w i t h the appearance 
o f ice i n the tube. The appearance o f a negative peak on the recorder 
trace was always seen t o be fo l lowed by the appearance of an a i r bubble 
of about 1 mm diameter i n the brass cup above the electrode. At about 
t h i s t ime, the l i q u i d column i n the tube must have become blocked, 
because the l i q u i d l eve l i n the cup was seen to have stopped r i s i n g or 
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6 i . 
t o be f i l l i n g the perspex tube and examination of t h i s rod showed 
that i t had been formed co -ax ia l ly . When the large, broad, neg-
ative peak had been recorded by the electrometer, the anti-freeze 
pump was switched o f f and the a n t i freeze solu t ion drained quickly 
out o f the apparatus. The electrometer reading gradually f e l l 
toward zero and, about one minute l a t e r , more peaks and bubbles 
were observed, but t h i s time the peaks were pos i t ive and sharper 
than the negative peaks had been. The pos i t ive peaks eventually 
became less frequent and u l t ima te ly , died away altogether. At t h i s 
t ime, the water was seen to be moving i n the cup once more. 
The recorder used i n these experiments was a Watanabe 
M i n i w r i t e r , type 201 Lo Unfortunately, i t was not available f o r 
most of the per iod during which these experiments were being per fo r -
med, and no other recorder available at the time responded quickly 
enough to the changes i n po t en t i a l f o r a l l the deta i led features to 
be recorded. However, although only four traces have been obtained, 
(see Appendix 3)9 the character is t ic patterns were observed on each 
o f t en occasions over a period of one month, using samples of de-
mineralised water from the same b o t t l e . 
These results could not be explained at the time, but since 
they appeared to be associated w i t h the f reez ing and melting of water 
and i c e , and w i t h the production of a i r bubbles, two other series of 
experiments were performed: 
( i ) Workman and Reynolds-type experiments to measure 
f reez ing po ten t i a l s , and 
62. 
( i i ) the measurement of the e l e c t r i c p o t e n t i a l 
d i f ferences developed between water entering i n t o , and 
emerging from, the ends of an ice tube supported i n a 
glass tube. 
These experiments are reported i n Chapters VI and V I I 
respect ively , and a discussion of the resul ts obtained i n the 
experiment described above i n V. 3 ( b ) , i s deferred u n t i l Chapter 
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CHAPTER V I . 
THE FREEZING POTENTIAL MEASUREMENTS. 
V I . 1, The Design of the Apparatus. 
During the course of the work, the f i t t i n g s on the 
f reez ing c e l l were a l tered as pa r t i cu l a r aspects of f reezing 
phenomena were invest igated. I n i t s f i n a l form the freezing 
c e l l i s shown i n P ig , V I , 7 and P ig , V I , 8 , but the perspex 
cyl inder w i t h i t s l i d , the metal cooling chamber and the f l a t 
upper electrode were common to a l l modifications of the appar-
atus. The basic f reezing c e l l i s shown i n P i g . V I , 1 . 
V I . l ( a ) The size of the f reez ing c e l l . 
Workman and Rejmolds ( 1 9 5 0 ) state that the charge 
separation mechanism operating when d i l u t e acqueous solutions are 
f rozen i s tha t ions of one sign are p r e f e r e n t i a l l y incorporated 
in to the i c e , leaving an excess of ions of the opposite sign i n 
the water, A given rate of , incorporation of the ions in to the ice 
w i l l lead to a p a r t i c u l a r rate of charge separation. However, the 
po t en t i a l d i f ference between the ice and the water i s not so le ly a 
func t ion of the charge separation rate , i t i s also a func t ion of the 
charge neu t ra l i sa t ion ra te , which i s p r i n c i p a l l y governed by the 
leakage resistance of the ice/water in te r face . I f the area of the 
in ter face i s doubled, f o r a p a r t i c u l a r rate of t rans fe r of ions per 
un i t area, the charge separated w i l l be doubled. But since, at the 
same t ime, the i n t e r f a c i a l resistance w i l l be hadved, the potentiaO. 
d i f ference w i l l be undianged. 
Using a larger i n t e r f a c i a l area has the advantage that any 
6 4 . 
possible edge e f f e c t s , at the walls of the c e l l , would be reduced. 
A f r e e z i n g c e l l of 7 6 mm diameter was used, which would ho ld a 
maximum of about 1 0 0 ml of s o l u t i o n . This c e l l i s ra ther larger 
than tha t used by most other workers. 
VIo l ( b ) . The method of cooling the f reez ing face . 
The method used by Workman and Reynolds was t o cool a 
large copper block i n a r e f r i g e r a t o r and r e l y on the heat ce^jacity 
of the block t o cool the f reez ing face i n the f reez ing c e l l . (See 
P i g . I I I , 2 o ) The p r i n c i p l e of using a massive, metal heat-sink has 
since been used by most workers i n t h i s f i e l d . I n the hope of being 
able t o obtain much more rapid changes i n the temperature of the 
f reez ing face , i t was decided to use only a r e l a t i v e l y smal l , metal 
heat-sink and t o pump a l i q u i d coolant around i t . The rate of f reez ing 
could then be changed during the course o f a "run", by changing e i t he r 
the rate of f l o w of the coolant past the f r eez ing face or the temper-
ature of the coolant. Methylated s p i r i t or p a r a f f i n o i l could have 
been used as the coolant but both s u f f e r f rom disadvantages. Berriman 
(p r iva te communication) has noticed that the appearance o f ice crys ta ls 
growing by sublimation i s modif ied by the presence o f p a r a f f i n vap-
our, and p a r a f f i n has an appreciable vapour pressure at temperatures 
below 0 ° G. Condensation o f p a r a f f i n vapour onto the surface o f 
water i n the f reez ing c e l l would a f f e c t the s o l u b i l i t y of a i r i n the 
water and might a f f e c t the c ry s t a l s t ructure of the ice produced. 
Methylated s p i r i t i s also v o l a t i l e and t es t s showed that 0 , 5 ml of 
methylated s p i r i t per 1 0 0 ml o f water changed the appearance of the 
65= 
ice produced i n a f reez ing c e l l from a hard, coherent coating 
to a s o f t mass of needle-shaped c rys ta l s . I t also has the d i s -
advantage o f being h i ^ l y flammable and addi t ional precautions 
must be taken i f i t i s to be punned around the iaboratoiy. A 
3J/of aqueous, anti-freeae so lu t ion has fewer disadvantages, because, 
although i t contains ethylene g lyco l and methanol to depress the 
f reez ing-point of the water, the p a r t i a l vapour pressures of the 
v o l a t i l e consti tuents are considerably reduced by the presence 
o f the -water and, therefore , the laboratory a i r i s less l i k e l y t o 
become contaminated. The so lu t ion i s non-flammable and can be 
sa fe ly pun^jed w i t h an ui^jrotected puntp. When i t i s used as a 
o 
coolant, temperatures as low as - 3 0 G can be achieved. 
A comparison of the heat capacities and spec i f i c heats 
of the lower electrode and o f i ce , showed that the temperature drop 
across the lower electrode was negl ig ib le once there was more than 
1 mm of ice covering the electrode. 
V I . l ( c ) The nature of the electrodes. 
Five f reezing ce l l s were made i n a l l , one wi th aluminium 
electrodes, one w i t h stainless s tee l electrodes and two wi th brass 
electrodes. The remaining c e l l also had brass electrodes, but 
before the perspex cyl inder was f i x e d i n pos i t ion , gold was evap-
orated onto the electrode surfaces. This c e l l was never used i n the 
measurement of f reez ing potent ia ls because even gentle cooling of the 
lower face caused the gold coating t o peel o f f . However, i t was 
u s e f ^ as a check t o see whether the change i n conduct ivi ty 
o f the so lu t ions , w i t h t ime, was a f tmc t ion of the 
6 6 . 
electrode ma te r i a l . (See Section V I . 5 ( b ) . ) 
A l l the ce l l s were the same size and each p a i r of elec-
trodes was made from the same piece of metal to el iminate electrode 
po t en t i a l s . A l l the electrodes were h i g h l y polished. The upper 
electrode consists of a metal d isc , 7 4 mm i n diameter and about 5 ^ 
t h i c k , mounted on a metal rod by means of a no, 0 B,A, tapped hole 
through i t s centre. The lower electrode con?)rises the upper surface 
of the cool ing chamber, through whidi the ant i - f reeze so lu t ion i s 
pun5)ed„ This electrode i s 102 mm i n diameter and 5 ^ t h i c k and, 
i n the case of a l l except the aluminium electrode, i t i s s i l v e r -
soldered to the rest o f the cool ing chamber. The aluminium cooling 
chamber i s bol ted together w i t h brass, 6 B,A, b o l t s . 
Various methods of at taching the perspex tube t o the lower 
electrode were t r i e d . The problem was to bond perspex to a metal i n 
a way which would not break when the metal contracted on cool ing. 
The f o l l o w i n g method was found t o be s a t i s f ac to ry , even when the 
c e l l was cooled r ap id ly from + 3 0 °C to - 25 °C, 
A 6 , 4 mm wide r i n g , w i t h an i n t e r n a l diameter of 76 mm, 
was cut i n t o the lower electrode t o a depth of 2 mm. The perspex 
tube was cemented in to t h i s r i n g w i t h A r a l d i t e , an epoxy-resin. Care 
was taken t o ensure that a l l traces of r e s in were removed from the 
electrode surface and the r e s in was cured at 5 0 °C f o r 2 4 hours 
before use. 
Before each new so lu t ion was put in to a f r eez ing c e l l , 
the electrode surfaces were polished to remove oxide f i l m s . A l l 
6 7 . 
traces of metal polish were removed by washing thoroughly with 
a l i qu id detergent and rinsing with de-mineralised water u n t i l no 
change i n the conductivity of the water was detectable, 
VIo2. Early Experiments with the Freezing Cells. 
VI o 2(a) General experimental method. 
The cleaned ce l l was f i l l e d with a solution made from 
de-mineralised water of res i s t iv i ty 10 <fi) m or more. The upper 
electrode and l i d were f ixed i n position, taking care to ensure that 
no a i r bubbles were trapped under the electrode. This electrode was 
connected to the electrometer, which was given an input impedance of 
10 
10 cfb o G i l l (1953) ireports that such an impedance allows the 
measurement of true open c i rcu i t potentials, and i n fact tests showed 
that there was no difference i n electrometer reading when i t was not 
shunted, but spurious effects , e.g. piezoelectr ic effects i n the co-
axlal cable, increased i n magnitude. The lower electrode WSLB earthed. 
The electrometer readings were recorded by a Watanabe Miniwriter 201 L, 
single-channel, potentiometric recorder^ 
The anti-freeze solution was pumped from the bottom of an 
80 l i t re-capacity, refrigerated tank, through the cooling chamber 
and back to the top of the tank. The maximum obtainable, coolant 
flow rate was about 10 l i t r e s per minute. 
Vic 2(b) Observations. 
When ice sgppeared on the surface of the lower electrode, 
the electrometer registered a deflection, which might be anything 
68 o 
from about 1 0 0 mV to 1 5 V, with the water positive with respect 
to the ice i n almost every case. (See FigoVI .2 . ) The potential 
differences usueilly f e l l away as time increased and somstimes the 
water became negative with respect to the ice, but there were excep-
tions to th is and some of the voltage-against-time graphs showed 
two or three maxima. When the ice reached the upper electrode, 
positive potentials f e l l away to zero eind were replaced by negative 
potentials, vAiidh persisted even when the upper electrode was sub-
merged i n the ice and a l l the water was frozen. These negative pot-
entials were of the order of - 1 0 0 mVo Perhaps the most significant 
observation i n these early experiments, was that the potential 
differences were not reproducible, even when repeated measurements 
were made on the same solution or when different portions of the 
same solution were used. 
However, the voltage-against-time graphs appeaj^ ed to 
become more reproducible a f te r the f i r s t few freezings and meltings 
with the same sample of water on the same day. Two parameters are 
l i k e l y to change af ter two or three freezings. 
( i ) the amount of a i r dissolved i n the water, and 
( i i ) the freezing rate. 
That the freezing potential depends on the freezing rate 
was demonstrated by p a r t i a l l y res t r ic t ing the flow of coolant during 
the course of a freezing run. A f a l l i n the positive freezing pot-
entials was noted. When the flow rate was increased, the freezing 
potentials inoreasedo 
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change, and that this alters the freezing potentials may be 
Jus t i f ied i n the following way. Ai r is much less soluble i n ice 
than i n water; therefore, when a saturated solution of a i r i n 
water is frozen, the a i r is forced out of solution and a i r bubbles 
are produced at the water/ice interface. Some of these bubbles 
rise up through the solution and are either collected by the 
upper electrode or f loa t past the electrode to burst at the water 
surface. However, most of the a i r is held, by surface tension, 
to the water/ice interface and, as the ice surface advances i t 
•tends to overtake the bubbles. Therefore, the bubbles become 
elongated i n the direction of motion of the interface and, ul t im-
ately, they become trapped i n the ice phase. When air-free water 
is allowed to stand i n a i r , i t slowly absorbs a i r u n t i l an equil-
ibrium i s established between the pressure and temperature of the 
a i r and the water, and the amount of a i r dissolved. Therefore, 
water which has been i n contact with a i r overnight w i l l be i n 
equilibrium with the surrounding a i r . When this sample of water 
is frozen, some of the a i r w i l l be expelled from solution and on 
melting the ice, a i r w i l l begin to be re~absorbed into the water^ 
I f insuf f ic ien t time is allowed to elapse fo r equilibrium to be 
re-established before the solution is frozen again, the solution 
w i l l have less a i r dissolved i n i t than on the previous occasion. 
Therefore, when this solution i s frozen, fewer bubbles w i l l be r e l -
eased i n the interface and the in ter fac ia l resistance w i l l be lower. 
Hence, the leakage current w i l l be increased and the resultant 
freezing potential , f o r the same rate of diarge separation, w i l l be 
7 0 . 
lower. 
Experiments were designed to investigate these effects . 
V I . 3o The Effect of A i r Bubbles on the Freezing Potentials. 
A convenient way of disturbing the air-water-ice equi l -
ibrium is to change the pressure of the a i r above the l i q u i d . This 
was done by partieil ly evacuating the air-space i n the freezing c e l l . 
The l i d of a basic, brass-electrode freezing c e l l wsus f i t t e d 
with an air-bleed valve and was connected to a vacuum pump. (See Fig . 
V I . 3 o ) The screw threads i n the l i d of the c e l l were sealed with 
poly-tetrafluoro-=ethylene (P.T.F.E.) ribbon on assembly. About 5 0 ml 
of de-mineralised water were used i n these experiinents and i t was 
found that precise control of the a i r pressure wi thin the c e l l was 
not possible, owing to the re la t ively small volume of a i r i n the 
c e l l compared to the capacity of the vacuum pump. On the other 
hand a high capacity pump .was needed, i n order that rapid changes 
i n pressure could be made when necessary. An Edwards E.S, 4 3 
raouum pump, capable of pumping kl l i t r e s of a i r per minute, at 
atmospheric pressure, was used and the results are characterised 
as those obtsdned, "under normal pressure" and those obtained "under 
reduced pressure". 
Oase 1. I f the a i r pressure was reduced before ice was 
present i n the c e l l , very l i t t l e change was noted i n the freezing 
potentials. (See Fig .VI . i f . ) There was some evidence that the 
potential differences were less than under normal pressure, but the 
differences were less than the normal variations i n consecutive 
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freezing potentials and not s t a t i s t i ca l ly significant. When 
the a i r pressure over the water was allowed to return to nomal, 
daring the course of a run, a rapid f a l l of 1 0 0 mV was noted i n 
the voltage. Similarly, when the vacuum pump was switched on 
again, a f a l l of 2 0 0 mV was recorded. 
Case 2 . I f some of the water was f i r s t frozen under normal 
ai r pressure, and then the vacuum pun?) was switched on, very l i t t l e 
change was noted. However, when the a i r pressure was allowed to 
return to normal, a sharp f a l l of up to 4 0 0 mV was noted. (See 
F i g . V I . 5 . ) 
These apparently conf l ic t ing results may, perhaps, be 
explicable i n terms of the volume occupied by the a i r bubbles within 
the interface. The ice produced by changing the a i r pressure repeat-
edly had bands of varying opacity, showing that either the number of 
bubbles or the volume occupied by them, had changed. Apart from th is , 
no direct evidence has been obtained to support the explanation put 
forward below. 
Let us consider a single bubble i n the interface, (See 
Fig .VI .6. ) I f the a i r pressure above the l iqu id is reduced, the 
bubble w i l l increase i n volume. I f the bubble breaks away from the 
surface, the in te r fac ia l resistance w i l l f a l l . This is more l i ke ly 
to occur f o r i n i t i a l l y large bubbles than f o r smaller ones and, 
therefore, i t i s more l i k e l y to happen i n Case ( l ) . When the 
in t e r fac ia l resistance f a l l s , the potential difference also f a l l s . 
However, i f the enleirged bubble remairxs at the interface and the 
7 2 . 
ice begins to advance around i t , the in te r fac ia l resistance w i l l 
slowly increase. Since the rate of freezing w i l l be f a l l i n g , 
the effect of this increase i n resistance on the freezing poten-
t i a l w i l l be of fse t , to some extent. I f the a i r pressure is now 
allowed to return to normal, the bubble w i l l shrink, and may 
retract into the ice completely. Water could then take the place 
of a i r i n the interface, lowering the in te r fac ia l resistance, which 
i n turn, causes the potential difference to f a l l . This should 
occur i n both Case ( l ) and Case ( 2 ) ; and, indeed, both potential 
differences did f a l l when the vacuum pump was switched o f f . 
I n the l i gh t of some of the results on the effect of the 
temperature gradient across the ice, (see Section VI . i f (b ) , ) i t i s , 
periiaps, s ignificant that i f the drop i n voltage resulted i n a 
negative potential difference between water and ice, only small, 
negative potential differences were recorded and these were hardly 
affected by changes i n a i r pressure, 
Vl.lfo The Effect of the Freezing Rate on the Freezing Potential. 
Workman and Reynolds ( 1 9 5 0 ) stated that the freezing 
potentials were independent of the rate of freezing over a wide 
range of freezing rates. G i l l ( l 9 5 3 ) showed that the freezing 
current was constant fo r various external resistances i n the range 
5 0 to 5 0 0 M (Q,o By assuming a model with a constant freezing rate, 
he derived an expression f o r the freezing potential i n terms of the 
maximum volume of charge density i n the interfaes and the resistance 
of the interface. Gross ( 1 9 6 5 ) investigated the effect of the 
water 
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freezing rate on the rate of incorporation of in^jurity and hydro-
gen ions. He ascribed differences i n the freezing potentials to 
differences between the rate of separation of ions and the rate of 
neutralisation across the interface. 
The freezing potentials already measured appeared to 
dspend on the freezing rate and experiments were undertaken to 
see i f quantitative results could be obtained. 
V I . 4(a) The effect of the supercooling on the freezing potentials. 
Two basic types of voltage-against-time records had been 
obtained i n the early experiments, (See P i g . V I . 2 , ) . Careful 
observation showed that type (A) was obtained when the face of the 
lower electrode became covered evenly and quickly i n less than 1 s, 
whereas type ( B ) was obtained when only a portion of the electrode 
became covered i n this manner and then the ice spread slowly over 
the remainder. The inference was that the water was superoooled 
i n the solutions which gave type (A) graphs, but that the super-
cooling was less i n the solutions giving the type ( B ) graphsO 
These speculations were confirmed by attadiing a small 
copper-const ant an thermocouple to the lower electrode. The 
thermocouple leads were insulated with P,V,C, sleeving and were 
passed through a 5 msa hole d r i l l e d i n the upper electrode. I n 
order to increase the probability of supercooling, the freezing 
c e l l was treuisferred to a cold room maintained at about 0 ^C. The 
thermocouple and electrometer leads were run through the cold room 
walls without being joined, to prevent contact potentials from 
giving spurious results. The results obtained are shown i n Table 
74. 
VI. 1 
Table VI. 1. 
Temperature of the freezing 
face at the onset of freezing. 
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This table shows, that the greater the degree of 
supercooling the more chance there is of the voltage-against-time 
graph being of the type ( A ) , In the cases where the thermocouple 
was registering temperatures above 0 ° C when freezing commenced, 
the thermocouple was not on the portion of the electrode init ia l ly 
covered by the ice. In those where the tersnocouple temperatures 
were below 0 ° C the thermocouple was on the portion of the electrode 
which ini t ia l ly became covered with ice, 
\ 1 , 4(b) The instantaneous relationship between freezing 
potential and freezing rate. 
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the freezing rate were responsible f o r the long term irreprod-
u e i b i l i t y of the freezing potentials. I t is possible that the 
variations within the individual voltage-time graphs might be 
related to short term variations i n the freezing rate, and exper-
iments were performed i n the hope of obtaining a quantitative 
relationship between the potential difference across the interface 
e^i the freezing rater 
A freezing c e l l with brass electredes was used. (See 
PigoVI.7 and V I . 8 ) . The upper electrode could be rotated by 
means of a small, geared, electric motor and a scale with gradat-
ions approximately 0 .25 mm apart, was engraved onto the bottom 10 mm 
of the perspex cylinder. The advance of the ice face past these 
gradations could be observed using a travell ing microscope, but 
since freezing rates of up to 50yU.m were being studied, the 
scale was calibrated beforehand with the microscope. Then, during 
freezing runs, microscope observations were recorded verbally onto 
a tape-recorder, and from the tape, the times f o r the ice face to 
pass between consecutive gradations were obtained at a later stage. 
Connection from the upper electrode to the electrometer was made 
through a mercury pool, and electrometer deflections were recorded 
on the Watanabe recorder at a paper speed of 1 mm s~ .^ The back-
ground noise level was less than 1 mV with the upper electrode s t i l l , 
and less than 3 mV with i t rotating. 
Tests showed that when 75 ml of solution were used i n the 
experiments, with an electrode separation of 13 mm, rotation of the 
upper electrode s t i r red the solution. I f the s t i r r e r was used 
7 6 . 
before freezing commenced, the onset of freezing was delayed, 
because the whole of the solution was being cooled before freez-
ing began. I f ice wqs present i n the c e l l before the solution 
was s t i r red , switching on the s t i r r e r motor slowed down the rate 
of freezing by allowing wsirmer water to come into contact with 
the ice. I f the rate of s t i r r i n g was high enou^, i t was possible 
to cause melting of the ice surface. However, the temperature 
gradient across the ice specimen is hardly affected by the s t i r r e r , 
and hence we have a very convenient method fo r measuring the con-
t r ibu t ion of the e l ec t r i f i ca t ion due to temperature gradients, to 
the freezing potentialso 
A complete set of results obtained f o r 2l separate 
freezings of the same sample of de-mineralised water, using th is 
apparatus, i s set out i n Appendix 4. The freezing potential 
results are also shown i n graphical fonn i n Fig.VIo9 and Fig.VI .10 
( l to 21 )„ F iv VI .9 i s a plot of a l l the individual values of 
freezing rate against voltage. I t confirms the long term ir rep-
rodueib i l i ty of the freezing potentials and shows they are not 
solely dependent on the freezing rate. I f , however, the values 
of the freezing potentials and freezing rates during each part-
icular run are examined, see Fig,VI.10, some facts begin to emerge. 
I n general, the freezing potentials increased as the freezing rate 
increased, i n the range 10 to 50 s""*; but the freezing potential 
did not react to re la t ively rapid changes i n freezing rate, and the 
response time of the freezing potential seems to increase with 
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t h i c k n e s s o f t h e i n t e r f a c e w i t h i n t h e i c e i n c r e a s e s due t o t h e 
p r e s e n c e o f a f r o z e n - i n s p a c e - c h a r g e i n t h e b u l k o f t h e i c e s a m p l e , 
b u t more w o r k w o u l d be r e q u i r e d , t o p r o v e t h i s . The p o t e n t i a l d i f f -
e r e n c e - a g a i n s t - f r e e z i n g r a t e g r a p h s have been p r e p a r e d b y a v e r a g i n g 
t h e t i m e t a k e n f o r t h e i c e s u r f a c e t o pajss be tween two g r a d a t i o n s 
o n t h e s c a l e , t o o b t a i n a b e t t e r f i t . No r e s u l t s have been p l o t t e d 
i n t h e cases where t h e l o w e r e l e c t r o d e was no t c o m p l e t e l y c o v e r e d 
w i t h i c e as t h e f r e e z i n g p o t e n t i a l s canno t be rega rded , as r e p r e s -
e n t a t i v e , s i n c e t h e i n t e r f a c e i s b e i n g s h u n t e d b y a v e r y l o w 
r e s i s t £ i n c e „ 
One f a c t s t a n d s o u t i n t h e s e r e s u l t s , and t h a t i s t h a t 
t h e t h i c k e r some p o r t i o n s o f t h e i c e became b e f o r e t h e l o w e r 
e l e c t r o d e was c o n 5 ) l e t e l y c o y e r e d w i t h i c e , t h e h i ^ e r were t h e 
p o t e n t i a l d i f f e r e n c e s a t l o w f r e e z i n g r a t e s . A t t h e p r e s e n t t i m e , 
no e x p l a n a t i o n f o r t h i s c a n be o f f e r e d , b u t i n g e n e r a l t h i s h a p p -
ened more f r e q u e n t l y a t h i g h e r a n t i - f r e e z e s o l u t i o n t e m p e r a t u r e s . 
I t may, i n f a c t , be due t o a d i f f e r e n c e i n t h e f r o z e n - i n s p a c e -
c h a r g e , t h r o u g h h a v i n g t h e i n t e r f a c e s h u n t e d f o r a l o n g p e r i o d , 
o r some e f f e c t f r o m t h e i n i t i a l l ow r a t e s o f f r e e z i n g a t t h e 
b r a s s / w a t e r i n t e r f a c e , b u t t h e r e i s l i t t l e e v i d e n c e t o s u p p o r t 
s u c h s p e c u l a t i o n s . 
V I o A ^ c ) The e f f e c t o n t h e f r e e z i n g p o t e n t i a l s o f s t i r r i n g t h e 
s o l u t i o n s o 
I n t h e p r e v i o u s s e c t i o n , ^S^^aa^asa^BSB^SSA, t h e 
e f f e c t o f s t i r r i n g o n t h e f r e e z i n g r a t e o f t h e s o l u t i o n was 
men t ionedo I n v i e w o f t h e dependence o f t h e f r e e z i n g p o t e n t i a l 
78, 
o n t h e f r e e z i n g r a t e shovm i n t h e g r a p h s i n F i g . V I , 1 0 , i t m i g h t 
be e x p e c t e d t h a t c h a n g i n g t h e f r e e z i n g r a t e d u r i n g t h e c o u r s e o f 
a r u n w o u l d cause a s h a r p d i s c o n t i n u i t y i n t h e v o l t a g e a g a i n s t 
t i m e grapho T h i s i s , i n f a c t , t h e c a s e , (See P i g , V I , 1 l ) H o w e v e r , 
i f a s o l u t i o n w h i c h gave f i r s t a p o s i t i v e f r e e z i n g p o t e n t i a l 
( i c C o t h e w a t e r p o s i t i v e w i t h r e s p e c t t o t h e i c e ) a n d t h e n a 
n e g a t i v e p o t e n t i a l was s t i r r e d , o n l y t h e p o s i t i v e p o t e n t i a l s 
were a f f e c t e d b y s t i r r i n g , a n d f u r t h e r , i f t h e p o s i t i v e p o t e n -
t i a l s were made t o go n e g a t i v e b y s t i r r i n g , t h e r e s u l t i n g n e g a t i v e 
p o t e n t i a l was o f t h e same o r d e r as t h e n e g a t i v e p o t e n t i a l o b t a i n e d 
w i t h o u t s t i r r i n g . 
The n e g a t i v e p o t e n t i a l d i f f e r e n c e s we re a t t r i b u t e d t o 
t h e t e m p e r a t u r e g r a d i e n t a c r o s s t h e i c e s p e c i m e n , a n d t h i s c o n -
c l u s i o n i s s u p p o r t e d b y t h e i r i n s e n s i t i v i t y t o changes i n i n t e r s 
f a c i a l c o n d i t i o n s , t h e i r v a r i a t i o n w i t h c o o l a n t t e m p e r a t u r e and 
t h e i r m a g n i t u d e , (See A p p e n d i x 4 ) , S i n c e we know t h a t t h e t e m p e r -
a t u r e o f t h e u p p e r i c e f a c e i s 0 °C a n d t h a t o f t h e l o w e r i c e f a c e 
i s t h e same as t h e e o i t i - f r e e z e t e m p e r a t u r e we c a n p l o t t h e t e m p e r -
a t u r e g r a d i e n t a g a i n s t v o l t a g e , (See F i g , V I , l 2 , ) The g r a p h shows 
t h a t t h e n e g a t i v e p o t e n t i a l d i f f e r e n c e i n c r e a s e s w i t h i n c r e a s i n g 
t e m p e r a t u r e . The T e r t i c a l and h o r i z o n t a l l i n e s o n t h e g r a p h 
r e p r e s e n t t h e a c c u r a c y o f r e a d i n g each v o l t a g e and t e m p e r a t u r e 
d i f f e r e n c e measu remen t . I n v i e w o f t h e d i f f e r e n c e s b e t w e e n t h e 
c o n d i t i o n s i n t h i s e x p e r i m e n t and t h o s e u n d e r w h i c h t h e q u a n -
t i t a t i v e r e l a t i o n s h i p b e t w e e n t e m p e r a t u r e d i f f e r e n c e and v o l t a g e 
was o r i g i n a l l y w o r k e d o u t , t h i s p r o b a b l y r e p r e s e n t s e x c e l l e n t 
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Fig.V3.12. GRAPH OF VOLTAGE .AGAINST TEMPERATURE 
DIFFERENCE BETWEEN OPPOSITE FACES OF THE ICE 
IN THE FREEZING CELL. THE LI(2U1D PHASE WAS BEING 
STIRRED. 
79. 
agreement w i t h . t h e s i n g l e t h e o r y . .The d e v i a t i o n s a r e p r o b a b l y 
a t t r i b u t a b l e t o h a v i n g a l a r g e amount o f t h e i c e sample a t 
t e m p e r a t u r e s above 7 ° C , w h e r e . t h e s i m p l e Tempera tu re G r a d i e n t 
T h e o r y does n o t a p p l y . O t h e r f a c t o r s w h i c h m i g h t a f f e c t t h e 
q u a n t i t a t i v e agreement w i t h t h e t h e o r y a r e t h a t t h e r e m i g h t be 
c o n t r i b u t i o n s t o t h e p o t e n t i a l d i f f e r e n c e s . f r o m f r e e z i n g e f f e c t s 
o r m e l t i n g e f f e c t s , and t h a t t h e i c e spec imens h a d h a d w i d e l y 
d i f f e r i n g h i s t o r i e s a n d c o n t a i n e d d i f f e r e n t amounts o f a i r 
b u b b l e s o 
The r e s u l t s d i s p l a y e d i n FigoVIol2 were o b t a i n e d on 
t h e i c e samp les p r o d u c e d b y t h e f r e e z i n g r u n s t a b l e d i n A p p e n d i x 
4o T h e r e f o r e , t h e r e p r o d u c i b i l i t y o f t h e t e m p e r a t u r e g r a d i e n t 
e f f e c t o n t h e v o l t a g e shown i n PigoVTol2 may be d i r e c t l y c o n t r a s -
t e d t o t h e i r r e p r o d u c i b i l i t y o f t h e f r e e z i n g p o t e n t i a l a g a i n s t 
t i m e g r a p h s shown i n F i g o V I « 9 , a n d F i g o V I d O o 
A l l r e s u l t s were o b t a i n e d w i t h a sample o f w a t e r w h i c h 
h a d f i r s t b e e n d i s t i l l e d and t h e n p a s s e d t h r o u g h b o t h a c a t i o n i c 
and a n a n i o n i c exchange r e s i n u n t i l no r e d u c t i o n i n c o n d u c t i v i t y 
r e s u l t e d . The w a t e r h a d a s p e c i f i c c o n d u c t i v i t y o f 
Ao5k X 10 c f i ) ^ in - s i r t h e t i m e i t h a d been t r a j i s f e r r e d 
t o t h e f r e e z i n g c e l l , ( T h i s c o u l d be r e d u c e d t o 1.98 x lo5, 
-1 -1 
cQj m b y a g i t a t i n g u n d e r axi a tmosphere o f n i t r o g e n f o r t e n 
d a y s , s h o w i n g t h a t a l a r g e p r o p o r t i o n o f t h i s a p p a r e n t l y h i g h 
c o n d u c t i v i t y was due t o t h e p r e s e n c e o f d i s s o l v e d g a s e s , e . g . 
ceurbon d i o x i d e . ) I f such a sample o f w a t e r , w h i c h , i n t h e o r y , 
s h o u l d e x h i b i t no f r e e z i n g p o t e n t i a l s , s h o u l d s t i l l g i v e 
80. 
f r e e z i n g p o t e n t i a l s g r e a t e r t h a n t h e p o t e n t i a l d i f f e r e n c e s due 
t o t h e t e m p e r a t u r e g r a d i e n t s , a t f r e e z i n g r a t e s o f g r e a t e r t h a n 
lOyULffi s " ^» i t seems r e a s o n a b l e t o assume t h a t mos t d i l u t e 
s o l u t i o n s w i t h c o n d u c t i v i t i e s l e s s t h a n ^0 ~^ Sh m ^ w i l l 
behave i n t h e same way . I n d e e d , t h e p o t e n t i a l s r e c o r d e d b y 
Workman and R e y n o H s (1950) G i l l (1955), G r o s s (1965), Lodge 
e t a l . (1956) a n d o t h e r s , c o n f i r m t h i s , as t h e y c a n n o t be e x p l a i n e d 
i n t e r m s o f a T e m p e r a t u r e G r a d i e n t E f f e c t , 
V I , i f ( d ) A p o s s i b l e e x p l a n a t i o n f o r t h e shape o f t h e v o l t a g e 
a g a i n s t t i m e g r a p h s . 
I t i s now p o s s i b l e t o e x p l a i n , q u a l i t a t i v e l y , t h e 
v o l t a g e a g a i n s t t i m e g raphs p r o d u c e d b y t h e Watanabe R e c o r d e r 
d u r i n g f r e e z i n g r u n s , (See F i g , V I , 2 , ) 
F i r s t l y , l e t us c o n s i d e r Case ( A ) where t h e i c e f o r m s 
r a p i d l y due t o s u p e r c o o l i n g a n d c o v e r s t h e i c e f a c e a l m o s t i n -
s t a n t a n e o u s l y . S i n c e t h e f r e e z i n g r a t e i s r a p i d , we w o u l d 
e x p e c t a l a r g e f r e e z i n g p o t e n t i a l . H o w e v e r , i t may n o t be v e r y 
l a r g e , s i n c e t h e c r y s t a l o r i e n t a t i o n w i l l be somewhat d i s o r d e r e d 
a n d , a c c o r d i n g t o Workman a n d R e y n o l d s (1950), t h i s r e d u c e s t h e 
f r e e z i n g p o t e n t i a l . T h e r e f o r e , t h e f i r s t v o l t a g e p e a k i s a com-
p r o m i s e b e t w e e n f r e e z i n g r a t e , i o n i n c o r p o r a t i o n r a t e asid c h a r g e 
n e u t r a l i s a t i o n r a t e . When t h e s u p e r c o o l e d l a y e r o f w a t e r above 
t h e e l e c t r o d e f r e e z e s i t r e l e a s e s l a t e n t h e a t , a n d i t s tempei^ -
a t u r e r i s e s t o 0 ° C . T h i s was p r o v e d b y w a t c h i n g t h e e f f e c t o f 
f r e e z i n g o n t h e t e m p e r a t u r e when a t h e r m o c o u p l e was a t t a c h e d t o 
t h e f r e e z i n g f a c e , (See S e c t i o n V I , 4 (a ) . , ) B e f o r e any more f r e e z -
81. 
i n g c a n t a k e p l a c e , i t i s n e c e s s a r y t o e s t a b l i s h a t e m p e r a t u r e 
g r a d i e n t a c r o s s t h e i c e a n d , t h e r e f o r e , t h e v o l t a g e f a l l s . Once 
a t e n i p e r a t u r e g r a d i e n t i s e s t a b l i s h e d , and t h i s happens v e r y 
q u i c k l y ( some t imes more r a p i d l y t h a n t h e response t i m e o f t h e 
e l e c t r o m e t e r ) , t h e . f r e e z i n g p r e c e d e s a n d t h e v o l t a g e r i s e s . A 
second maximum v a l u e i s r e a c h e d w h i d i i s g o v e r n e d b y t h e r a t e o f 
c o o l i n g , t h e i c e t h i c k n e s s , t h e r a t e o f n e u t r a l i s a t i o n , t h e t e m p -
e r a t u r e g r a d i e n t a n d s o o n . T h e r e a f t e r , t h e v o l t a g e f a l l s as t h e 
f r e e z i n g r a t e d r o p s a n d e v e n t u a l l y , i f t h e f r e e z i n g r a t e i s l o w 
e n o u g h , t h e T e m p e r a t u r e G r a d i e n t E f f e c t w i t h i n t h e i c e p r e d o m i n -
a t e s . 
S e c o n d l y , l e t us c o n s i d e r Case ( B ) where t h e l o w e r e l e c -
t r o d e became c o v e r e d w i t h i c e s l o w l y . The e x p l a n a t i o n i s s i m i l a r , 
b u t o n l y v e r y s m a l l f r e e z i n g p o t e n t i a l s a re r e c o r d e d u n t i l t h e 
l o w e r e l e c t r o d e becomes c o i i ? ) l e t e l y c o v e r e d w i t h i c e . The q u i c k e r 
t h i s h a p p e n s , t h e s o o n e r t h e p o t e n t i a l f o l l o w s t h e l i n e t a k e n i n 
g r a p h A , I n g e n e r a l , h o w e v e r , i t w i l l f o l l o w a l i n e s l i g h t l y 
h i g h e r t h a n t h a t i n g r a p h A , b u t t h e r e a s o n f o r t h i s i s no t c l e a r , 
(See S e c t i o n V I . 4 ( b ) , ) 
Recsen t l y , P r u p p a d i e r , S t e i n b e r g e r and Wang (1968) 
r e p o r t e d t h e e l e c t r i c a l e f f e c t s accompany ing t h e spontaneous g r o w t h 
o f i c e i n s u p e r c o o l e d s o l u t i o n s . T h e y c a r e f u l l y c o o l e d t h e s o l u t i o n s 
i n p o l y t h e n e t u b e s i n a l o w t e m p e r a t u r e , h i g h - r e s i s t i v i t y s i l i c o n e 
o i l b a t h . The ends o f t h e t u b e s were s c a l e d w i t h chromium p l a t e d 
I 
e l e c t r o d e s . When t h e l i q u i d s h a d become s u p e r c o o l e d t o t h e d e s i r e d 
a m o u n t s , f r e e z i n g was i n i t i a t e d b y c o o l i n g one e l e c t r o d e w i t h a 
82, 
p i e c e o f s o l i d c a r b o n d i o x i d e . The f r e e z i n g p o t e n t i a l s t h e y 
recorded, o n an e l e c t r o m e t e r c o n n e c t e d be tween t h e e l e c t r o d e s , 
b e a r a s t r i k i n g r esemb lance i n s i z e , s i g n , o v e r a l l appearance and 
t i m e s c a l e t o t h o s e o b t a i n e d i n my f r e e z i n g c e l l s a t f r e e z i n g 
r a t e s w h i c h were v e r y much l o w e r t h a n t h o s e o f P r u p p a c h e r e t a l , 
(See P i g , V I , 1 3 , ) I t i s p o s s i b l e t h a t t h e f a l l w i t h t i m e o f t h e 
v o l t a g e s recorded b y P r u p p a c h e r e t a l , m i g h t be due t o a f a l l i n 
t h e r a t e o f g r o w t h o f i c e c r y s t a l s , r a t h e r t h a n t h e enmeshment o f 
i o n s o f o p p o s i t e s i g n as s u g g e s t e d b y t h e s e w o r k e r s . N e v e r t h e l e s s , 
t h e results o f t h e s e w o r k e r s show t h a t t h e r e s u l t s o b t a i n e d i n t h e 
e j c p e r i m e n t s d e s c r i b e d above a r e q u a l i t a t i v e l y a p p l i c a b l e o v e r a 
much w i d e r r a n g e o f f r e e z i n g r a t e s t h a n was a c t u a l l y exam ined and 
add w e i g h t t o t h e c o n c l u s i o n t h a t f r e e z i n g p o t e n t i a l s u s u a l l y 
p r e d o m i n a t e o v e r t e m p e r a t u r e g r a d i e n t p o t e n t i a l s . 
VIo5o The E f f e c t o f I m p u r i t i e s o n t h e F r e e z i n g P o t e n t i a l s , 
V I . 5 ( a ) Chamsies i n xE. 
S i n c e d e - m i n e r a l i s e d w a t e r gave s u b s t a n t i a l f r e e z i n g 
p o t e n t i a l s , an a t t e m p t was made t o see i f t h e s e p o t e n t i a l s c o u l d 
be e x p l a i n e d i n t e r m s o f t h e v a r i a t i o n i n pH o f t h e sample o n 
f r e e z i n g . 
The method u s e d b y Workman and R e y n o l d s was t o f r e e z e 
a p o r t i o n o f a sod ium c h l o r i d e s o l u t i o n whose pH was known. The 
w a t e r was d e c a n t e d a n d i t s pH was m e a s u r e d . The i c e was washed 
w i t h d e - m i n e r a l i s e d w a t e r a n d m e l t e d and i t s pH was m e a s u r e d . A l l 




























































8 3 o 
However the pH of de-mineralised water i s extremely 
s ens i t i ve to the presence of small quantit ies of i o n i c contam-
inants . When the pH of a smal l sample was measured i n the 
f reez ing c e l l i t was found to be 6.8j when i t was poured into a 
c a r e f u l l y cleaned and dr ied pyrex beaker and the pH was again 
measured, i t had changed to 6 . 4 o T h i s change i n pH, i f i t had 
occurred on freez ing , would represent a considerable diarge t rans -
fero Therefore , r e s u l t s obtsiined i n t h i s manner would be highly 
suspect . More re l iance could, perhaps, be placed on the measure-
ments i f they were performed i n s i t u , and so a brass freez ing c e l l 
was modified to enable simultaneous measurements of freezing poten-
t i a l and -gB. be made. Holes were d r i l l e d i n the upper brass electrode, 
to allow free passage of water around the bulb of the glass electrode 
of an A n a l y t i c a l Instruments Pocket pH Meter, which was mounted Just 
above the upper brass e l e c t r o d e » A smal l thermocouple was positioned 
next to the bulb so that correct ions could be made to the reading f o r 
changes, i n temperature during f reez ing . About 80 ml of water were 
poured into the c e l l and freez ing was s tar ted . Readings of pH, 
temperature of the water and freez ing potent ia l were taken every 
15 s . 
Although the thermocouple showed that convection was 
occurring i n the water, no s i g n i f i c a n t change i n the teii?)erature-
compensated value of pH was noted throu^out the experiment. The 
meter showed ra^iid, high speed f luctuat ions of + 0,1 pH uni t s 
but no d e f i n i t e t rend . Perhaps s i g n i f i c a n t changes i n pH would 
have been recorded i f the bulb of the pH meter had been nsarer 
8 4 o 
the i n t e r f a c e , or i f the s o l u t i o n had been s t i r r e d . However, 
ne i ther of thsse proposals was t r i e d sincse the probe unit was too 
large to be posit ioned nearer to the i n t e r f a c e , and because i t had 
been necessary to remove the s t i r r e r drive-motor and gear-wheels i n 
order to allow access f o r the probe of the pH meter i n the f i r s t 
placeo Experiments of t h i s type were discontinued as time did not 
permit the major modifications of the apparatus necessaryo 
The main i on ic impurity present i n the de-mineralised 
water was probably sodium d i lor ide which had been used to re-generate 
the de - ion i s ing r e s i n s » 
VIo 5 ( b ) , Changes i n Conductivityc 
Measurements of the condact iv i ty of the solut ions i n the 
f r e e z i n g c e l l s were c a r r i e d out e i t h e r i n s p e c i a l Conductivity c e l l s 
or i n the f reez ing c e l l s themselves, using an E l e c t r o n i c Switchgear 
Ac Co bridgeo Each f reez ing c e l l was c a l i b r a t e d using l i q u i d s of 
known conduct iv i ty and i t s " c e l l constant" deteminedo (The c e l l 
constant i s ths number by which measured condact iv i ty must be 
m u l t i p l i e d to give the s p e c i f i c conduct iv i ty , ) The conduct ivi ty 
could then be determined at any tine without removing so lut ion from 
the ce l lo Unfortunately, vdien the so lut ion had been frozen and 
melted, the a i r bubbles which had been re leased were co l l ec ted by, 
and remained underneath, the upper e lectrode, changing the c e l l 
constant and i n v a l i d a t i n g the measurements. Therefore , conductivity 
was measured only before a so lut ion was f rozen f o r the f i r s t time and 
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All the samples of de-mineralised water increased i n 
conduct iv i ty on being i n the freez ing c e l l f or any length of time, 
whether or not the solut ions were frozen, and even when the gold-
p la ted c e l l was used. Hardly any difference i n behaviour was 
not iced between the brass , the aluminium or the gold c e l l s , but 
i n the s t a i n l e s s s t e e l c e l l , the conductivity changed more markedly 
and rust appeared on the electrodes a f t e r two days. The brass and 
aluminium c e l l s showed some oxidation of the electrodes a f t e r a 
period of about a week, but the conductivity d i f f e r e d l i t t l e from 
samples of water s tored i n the gpld c e l l or the carbon-electrode 
conductivi ty c e l l s . I t was concluded that such changes i n conduc-
t i v i t y could be a t tr ibuted to increases i n the amounts of v o l a t i l e 
impur i t i e s , and samples were r a r e l y allowed to staind i n the f reez -
ing c e l l s f o r periods of more than three days. 
VIo 5 ( c ) Changing the electrode m a t e r i a l . 
When the same so lut ion was frozen i n the brass electrode 
c e l l s , the aluminium c e l l and the s t a i n l e s s s t e e l c e l l , or when 
d i f f eren t portions of the same solut ion were frozen i n each c e l l , 
no s i g n i f i c a n t d i f ferences were noted i n the potential-t ime graphs 
which could be d i r e c t l y at tr ibuted to anything other than d i f f e r -
ences i n f reez ing r a t e , or i n the degree of supercooling before 
f reez ing . T y p i c a l recorder t races are shown i n P ig .VI .1 l f . The 
brass and s t a i n l e s s s t e e l c e l l s have comparable heat capacit ies and 
give s i m i l a r potent ial - t ime graphs. The aluminium c e l l has a much 
smaller heat capacity and the degree of supercooling before freezing 
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tends to be greater. However, s ince the aluminium c e l l was more 
f r a g i l e and the s t a i n l e s s s t e e l c e l l was i n c l i n e d to r u s t , the 
brass c e l l s were almost i n v a r i a b l y used i n the other ejcperiments. 
"VI. 60 Other Experiments wi th the Freez ing C e l l s . 
I n order to check i f the f reez ing potent ia l s depended 
on whether the i c e was formed at a v e r t i c a l sur face , downward from 
a hor izonta l surface or upward from a hor izonta l surface , the l i d 
of a f reez ing c e l l was made leak-proof by sea l ing the screw threads 
with P.T.FoEo ribbon. I t was then f i l l e d completely with de-mineral-
i s e d water and "runs" were made i n each of the or ientat ions described 
above. The voltage against time graphs obtained are reproduced i n 
Figo V I o l 5 o I f anything, the d i f ferences between these graphs are 
l e s s than the normal vairiation between consecutive runs on the same 
so lu t ion i n a f i x e d or ienta t ion . T h i s r e s u l t suggests that the 
previous conclusions w i l l be v a l i d f o r a l l f reez ing or ienta t ions . 
The poss ible a p p l i c a t i o n of these r e s u l t s to cloud 
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CHAPTER V I I . 
THE ELECTRIFICATION OF WATER FLOWING THROUGH AN ICE TUBE 
SUPPORTED IN A GLASS COOLING^ACKET. 
The previous attempts to measure the e l e c t r i f i c a t i o n of 
water f lowing t h r o u ^ ice tubes, described i n Chapter V, suffered 
from two big disadvantages. F i r s t l y , i t was not possible to see 
what was happening to the ice when e l e c t r i f i c a t i o n was being det-
ected and secondly, i t weis not possible, to control the temperature 
long enough to maintain s table conditions f o r more than a few 
seconds. I f the f i r s t of these disadvantages could be overcome, 
the second would be much l e s s of a problem. 
An attempt had been made (see Sect ion V. 3 (b) . ) to 
allow v i s u a l observations by using a perspex support tube. But 
t h i s tube showed appreciable charging when cold, di lute ant i - freeze 
so lut ion wais pumped around i t and i t was, therefore , encased i n an 
earthed braiss tube. Some of the properties of pyrex glass suggested 
that i t could be used instead of perspex. I t has a lower r e s i s t i v -
i t y than perspex, but s t i l l appreciably higher than that of ice 
over the temperature range obtainable with a di lute ant i - freeze 
so lut ion . Therefore, extraneous s t a t i c charges on a glass support 
tube - w i l l leak away more rs4>idly than on perspex and would not be 
reg i s t ered by the electrodes inside the tube, but the magnitude of 
s t a t i c ciiarges between ice and water would hardly be affected. 
Glass i s considerably more b r i t t l e than perspex and i t 
might be expected that the expansion of water on freezing would 
shat ter the tube. Tes t s showed that most of the expansion was 
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taken up i n the l i q u i d and the g lass tubes d id not break, 
provided that the water was kept flowing through the tube. 
V I I o 1. The D e s i ^ of the Apparatus. 
V I I . l ( a ) . T h e b a s i c apparatus. 
The beisic requirements were that the tube should be 
transparent , that i t should be cooled as symmetrically as 
pos s ib l e , us ing a trajisparent cool ing-Jacket , that electrodes 
be attached at both ends and that no water should leak from 
around the s e a l between the e lectrodes and the g lass tube, and 
t h a t , so f a r as i s poss ib le , there should be laminar flow of the 
l i q u i d i n the tube. Other, perhaps l e s s obvious, requirements 
were that there should be some means of preventing a i r bubbles, 
produced on f r e e z i n g , from being trapped i n the tube, where they 
might i n t e r f e r e with the symmetrical formation of the ice tube. 
And i t i s e s s e n t i a l that the e lectrodes should not become blocked 
with i c e . 
The apparatus resembled a l i e b i g condenser and consisted 
of a double-walled, pyrex glass tube with a length of 0.30 m and 
an ins ide diameter of 20 mm.„ At one end of the inner tube was a 
male "Quickf i t" , ground-glass, B 19 tapered cone and at the other 
•was a female cone. These Q u i c k f i t cones are a l l made wi th a 
standard 1 i n 10 taper . The tube was mounted v e r t i c a l l y , with 
the female cone uppermost, and brass electrodes were f i t t e d into 
the cones, (See P i g . V I I . 1. and P i g , V I I . 2 . ) These electrodes 
were turned out of adjacent portions of a 23«k mm diameter brass 
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f i t t e d the glass cones per fec t l y , they were ground into them, 
using an abrasive paste . The electrodes had small holes d r i l l e d 
througjh them with a no. 60 d r i l l . Water entered t h r o u ^ the hole 
i n the lower e lectrode, passed through the tube and out through 
the hole i n the upper electrode. This electrode was shaped so 
as to present a plane face towards the lower electrode, and yet 
allow a i r bubbles to co l l ec t i n a bubble trap around i t s sides 
(see F i g . V I I . 2 . ) so that they did not bui ld up and i n t e m i t t -
e n t l y i s o l a t e the. electrode from the l i q u i d . 
The fol lowing precautions were taken to ensure that 
the flow of l i q u i d through the tube was not unduly turbulent. 
I d e a l l y , the tube should expand to i t s maximum diajneter of 20 mm 
by approximately a 1 i n 7 taper to maintain laminar flow i n the 
water. I n t h i s case a 1 i n 10 taper was used, as dietated by the 
oommercially produced ground-glass Jo in t s . The face of the 
electrode through which the water enters was plane and perpen-
d i c u l a r to the d irec t ion of f low, as t h i s also reduces, t u r b u l -
ence. So that water could be made to flow i n e i t h e r d i rec t ion 
through the tube without introducing unnecessary differences i n 
the conditions of flow^ the iflpper electrode was also given a 
plane face . 
Cooling of the water was achieved by pun^jing cold 
an t i - f reeze so lut ion t h r o u ^ the cool ing-Jacket . The maximum 
rate of flow of coolant was about 4 l i t r e s per minute. 
90. 
V I I , l ( b ) . ExEeri^nt^^^^^ethod^^ 
The tube was deanad with a chromic a c i d so lut ion and 
washed thoroughly with dts-mineralised water. The brass eJ^c-
trodes were scrubbed i n a l i q u i d detergent and r i n s e d thoroughly 
i n de-mineral ised water. (Metal p o l i s h was not used i n cleaning 
these electrodes as i t would be very d i f f i c u l t to ensure that 
a l l t races of i t had been removed from the f i n e h o l e s . ) 
The female electrode was claa5)ed with i t s open end 
upperrnost and the glass tube was f i t t e d into t h i s . I n order 
to ensure a p e r f e c t l y water-t ight j o i n t , a t race of s i l i c o n e 
grease was smeared on the g la s s cone before assembly. The cone 
on the other electrode was a l so smeared with a t race of grease 
and placed i n the upper cone of the tube. Both j o i n t s were 
rotated s l i g h t l y , to ensure that they were properly seated and 
then 0.5 m lengths of 10 mm diameter P . V . C , tubing were fastened 
onto the electrodes by means of hose c l i p s . Brand-new P . V . C . 
tubing was always used f o r these water l i n e s ; before use i t was 
c a r e f u l l y cleaned by washing with a soap-solutionj, and any s o l i d 
p a r t i c l e s , from the packing materigQ. i n whidi i t was de l ivered , 
were washed out by f o r c i n g a t i g l i t - f i t t i n g plug of poly-urethana 
foam t h r o u ^ the tube, using water pressure . F i n a l l y , the tubing 
was r i n s e d thoroughly wi th de-mineral ised water. 
Separating funnels were clamped into the other ends of 
the tubing (See P i g . V , 4 o ) , and the one attached to the lower 
electix>de was f i l l e d with water. Both funnels were r a i s e d up 
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above the l e v e l of the glass tube and the taps were opened. 
The tube f i l l e d up with water and a i r bubbles i n the P . V . C . 
tubing were dislodged by shaking. F i n a l l y , when a l l the other 
a i r - l o c k s had been removed, the upper electrode was loosened for 
a few seconds to allow most of the a i r trapped around i t to 
escape, thus ensuring a good contact between the electrode and 
the water. (See F i g . V I I . 2 . ) The water could be made to flow 
through the tube by r a i s i n g or lowering one or other of the 
separating funnels . 
To measure the e l e c t r i f i c a t i o n , the lower electrode 
was earthed and the upper electrode was connected to the v i b -
rat ing-reed electrometer which was on the voltage measuring 
12 
range with an input impedance of 10 cQ . The 100 mV f u l l -
sca le range was used and with the upper electrode unscreened there 
was a c e r t a i n amount of pick-up of extraneous f i e l d s . However, 
most of these were at tr ibutable to the operator and, provided that 
unnecessary movement was avoided, these def lect ions gave a background 
noise l e v e l of l e s s than + 5 nV, 
Before any e l e c t r i c a l measurements were made, the dsgree 
of turbulence i n the flow of the water i n the tube was ciiecked. 
The tube was set up as described and water was caused to flow 
through the tube by r a i s i n g one of the separating funnels . About 
10 ml of a s l i g h t l y a c i d i f i e d , concentrated potaissium permangan-
ate so lut ion was added to the water i n t h i s separating funnel and 
i t s progress through the tube was observed. The coloured water 
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entered through the electrode and rose i n a narrow stream 
through about a t h i r d of the tube. Then i t became unsteady and 
s t a r t e d to mix with the surrounding water, but a t h i n , pale,, 
purple l i n e did reach up to the hole i n the top e lectrode . 
When the experiment was repeated with the flow reversed, the 
permanganate so lut ion got about hal f -way down the tube nefore 
becoming d i f f u s e . I n v e r t i n g the tube gave s i m i l a r r e s u l t s . The 
male electrode was s l i g h t l y worse at maintaining the laminar flow 
than the female electrode i n both cases , but both electrodes p e r f -
ormed bet ter when they were uppermost. Prom these r e s u l t s , i t was 
concluded t h a t , despite the ra ther qua l i ta t ive approach to stream-
l i n i n g taken during the designing of the equipment, the turbulence 
was not excessive and that the d i f ference i n the behaviour of the 
permanganate so lut ion , depending on whether i t was r i s i n g or f a l l i n g 
i n the tube, was probably due to the di f ference i n density between 
water and the so lu t ion . I n any event, even i f the tube had been 
hydrodynamically designed, the p r o f i l e would be changed when there 
was ice i n the tube and a l l that could be s a i d to J u s t i f y a c e r -
t a i n amount of streamlining i s that i t might help to produce a 
more symmetrical i ce tube i n the f i r s t p lace . I n t h i s respecb, 
the tube was quite good and a t y p i c a l i ce tube px-ofile i s shown 
i n P i g . V I I . 2 . 
The e a r l y e l e c t r i c a l measurements were, however, l e s s 
s a t i s f a c t o r y . Despite the precautions taken to el iminate chem-











between the upper and lower e lectrodes . These could be of e i ther 
s ign , but were usua l ly negative (the lower electrode i s earthed). 
Sometimes they were reduced by allowing the water to flow 
through the tube, but often they pers i s ted almost unchanged. 
They var ied i n value but might be as h i ^ as + 50 mV, They were 
very s l i g h t l y temperature dependent, but t h i s e f f ec t was small i n 
going from room temperature. Usua l ly , i f the equipment was l e f t 
undisturbed f o r a few hours, they disappeared of t h e i r own accord. 
No s a t i s f a c t o r y explanation of t h i s e f f ec t can be put forward for 
the appearance of these potent ia l di f ferences and, where poss ible , 
e l e c t r i f i c a t i o n measurements were avoided when i t was present. 
Water was made to flow through the tube by lowering the 
separating funnel connected to the upper electrode and then cold 
ant i - f reeze solut ion was pun^jed into the coolingi-Jacket from the 
bottom. 
Eventua l ly , about three-quarters of the surface of the 
inner tube became covered i n a t h i n l a y e r of dendr i t i c ice c r y s t a l s 
which began to be fonned at some point near the top of the cooling-
Jacket and s p i r a l l e d down the tube f o r about 1 a . The rapid way i n 
whidi they had appeared suggested that the l i q u i d layer next to the 
tube w a l l had become supercooled and that f reez ing had been i n i t -
i a t e d i n the coolest portion of the tube. Usua l ly the appearance 
of i ce i n the tube was accompanied by a smal l , posi t ive def lect ion 
of up to 5 mV on the electrometer. (See F i g , V I I , 3 . ) 
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At about t h i s t i m e , v i s u a l obse rva t ion o f the i ce 
i n t h e i n n e r tube was rendered imposs ib le by the f o r m a t i o n o f 
hoar f r o s t on the o u t e r su r face o f the c o o l i n g - j a d c e t . A 
temporary s o l u t i o n t o t h i s problem wafj t o wipe t h e o u t e r sur face 
o f the tube w i t h a r ag soaked i n me thy la ted s p i r i t ; however, 
w i t h i n two o r t h ree minutes , heavy condensat ion o f wa te r vapour 
d i l u t e d the me thy la t ed s p i r i t t o such an ex ten t t h a t the tube 
i c e d over again and i t became e s s e n t i a l t o f i n d a more permanent 
s o l u t i o n t o the problem. (See S e c t i o n V I I . l ( c ) , ) 
O f t e n the .water i n the tube became h i g h l y supercooled 
be fo r e the onset ' o f f r e e z i n g and when f r e e z i n g d i d occur , a mass 
o f d e n d r i t i c i c e c r y s t a l s extended out o f the t op o f the j a c k e t e d 
tube and i n i t i a t e d f r e e z i n g o f the water i n the upper e l e c t r o d e . 
Unless prompt a c t i o n was t a k e n t o d r a i n out the coo lan t f r o m t h e 
c o o l i n g - j a c k e t be fore the f l o w o f wa te r t h rough the tube ceased 
comple te ly , a l l t he wa te r i n the tube became r a p i d l y f r o z e n and 
s h a t t e r e d t h e i n n e r g lass t u b e . The o n l y p r a c t i c a l s o l u t i o n t o 
t h i s problem was t o s h o r t e n the upper e l ec t rode so t h a t i t s tood 
about 10 mm above the t o p o f the c o o l i n g - j a c k e t and never came 
i n t o con tac t w i t h the i c e at a l l . S u r p r i s i n g l y enough, t h i s 
appeared i n no way t o a f f e c t the measurements made i n the tube i n 
the cases where t h i s h i g h degree o f supercoo l ing d i d not occur , 
3 0 f a r as c o u l d be judged w i t h o u t t a k i n g a s t a t i s t i c a l sample o f 
measurements which the tube m o r t a l i t y r a t e p r e c l u d e d . 
D u r i n g the next 10 s o f a r u n , the i c e sheath became 








c o n t a i n i n g a few a i r bubbles . Meanwhile, the e l ec t romete r de f -
l e c t i o n d i e d away t o zeroo However, as c o o l i n g cont inued , the c l e a r 
i ce s h e l l became s t e a d i l y t h i c k e r and the e l ec t romete r again r e g i s t e r e d 
a p o s i t i v e p o t e n t i a l which increaised w i t h i nc r ea s ing i ce t h i cknes s . 
The i ce was always t h i c k e r near the top o f the tube (See P i g , V I I . 2 . ) 
and- when the hole remaining at the narrowest p o i n t had d iminished t o 
a s i ze comparable w i t h the holes i n t h e e l ec t rodes , the i c e , but not 
the g l a s s , tube f r a c t u r e d . Each crack observed t o appear i n the i ce 
tube corresponded t o a siiarp peak on the e lec t romete r t r a c e , (See 
Pigo VIIo3o and P i g . V I I . 4 . ) U l t i m a t e l y , the tube became completely 
b locked and the f l o w o f water th rough the tube ceased, but o f t e n the 
e l ec t rome te r s t i l l registered a constant d e f l e c t i o n of about + 20 t o 
+ 30 mV. When the f l o w of coolant was stopped and the tube was al lowed 
t o waim up t o room temperature , t he ice mel ted and t h i s constant po ten-
t i a l d i f f e r e n c e f e l l away t o ze ro . 
I n o n l y h a l f o f the exper imenta l runs made w i t h the glass 
tube was e l e c t r i f i c a t i o n de tec ted of the type descr ibed above. I n 
the o the r h a l f no e l e c t r i f i c a t i o n was de tec ted u n t i l f i s s u r e s appeared 
i n the i c e t u b e . Then e lec t romete r d e f l e c t i o n s o f bo th signs w i t h no 
s i g n i f i c a n t general t r e n d were produced, (See P i g . V I I . 4 . , and cont ras t 
i t w i t h P i g . V I I o 3 . , These recorder t r aces were obta ined w i t h the 
same s o l u t i o n on the same day w i t h i n 1 hour of each o t h e r . ) 
I t appeared t h a t the i n i t i a l peak on the e lec t rometer 
t r a c e c o u l d perhaps be a t t r i b u t e d to the diarge separated between 
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i c e and water a t an i n t e r f a c e , but t h a t the genera l t r e n d was p r o b -
a b l y due t o temperature d i f f e r e n c e s a long o r across the i c e tubes . 
T h e r e f o r e , i t was decided t o see i f any o f the p o t e n t i a l d i f f e r e n c e s 
c o u l d be c o r r e l a t e d d i r e c t l y w i t h the Workman and Reynolds type 
experiments and the measurements o f temperature g r ad i en t s r epor t ed i n 
Cheypter V I . A con t ro l l ed - env i ronmen t glove box was cons t ruc t ed t o 
f a c i l i t a t e these measurements, 
V I I . 2 . The C o n t r o l l e d Environment Box. 
Observat ions on the glass tube had been hampered by t h e 
f o r m a t i o n o f hoar f r o s t on the ou t e r sur face o f the c o o l i n g - j a c k e t , 
A l t h o u ^ the depos i t oou ld be c l e a r e d f o r a sho r t p e r i o d by rubb ing 
i t w i t h a methylated ' -spir i t -soeJced r a g , heavy condensat ion had con-
t i n u e d and oGoas iona l ly l i q u i d on the ou t s ide o f the tube had appeared 
t o be s h o r t - c i r c u i t i n g the e l e c t r o d e s . The condensat ion o f water 
vapour on the c o o l i n g - j a c k e t would be reduced i f t h e a i r sur rounding 
the tube was d r i e d , A g love-box would enable the a i r around the tube 
t o be kept d r y . 
A l s o , s ince we have auLeeady seen i n Chapter V I t h a t the 
values o f f r e e z i n g p o t e n t i a l s were not r e p r o d u c i b l e , and t h i s 
appeared t o be t h e case w i t h the e a r l y measurements on the glass t u b e , 
i t was decided t o t r y t o p rov ide a comple te ly s e l f - c o n t a i n e d system 
f o r the f r e e z i n g tube measurements i n o rde r t o ensure r ep roduc ib l e 
c o n d i t i o n s as f a r as p o s s i b l e . I t was a l s o hoped t o be able t o com'-
















the same sample o f water , 
A cont ro l led-envi roranent glove-box was cons t ruc ted on a 
wooden frame measuring 0.92 m x O.76 m x 6.4 mm t h i c k . Two c i r -
c u l a r ho les were cu t i n t o the perspex sheet and g l o v e - p o r t s , 
complete w i t h neoprene g loves , were b o l t e d onto the f r o n t o f the 
box. (See P i g . V I I . 6 . ) The aluminium sheets were a l l connected t o 
eairth and the j o i n t s between sheets were sealed w i t h adhesive P .T .F .E . 
t ape . Access t o the box cou ld be gained e i t h e r by removing one o f the 
gloves o r by removing the perspex panel which was b o l t e d t o the wooden 
frame and f i t t e d w i t h rubber gaskets so t h a t a good sea l could be 
ma in t a ined . The box was not comple te ly g a s - t i g h t , but by ma in ta in ing 
a s l i g h t overpressure o f gas i n s ide the box, l a b o r a t o r y a i r cou ld be 
excluded q u i t e s a t i s f a c t o r i l y . The apparatus was arranged i n the box 
according t o the diagram shown i n F i g . V I I , 6 , A l l the gas, water , 
a n t i - f r e e z e and e l e c t r i c a l suppl ies t o the box e n t e r through the l e f t 
hand pane l o f the box, as shown i n P i g . V I I . 7 . 
( i ) The gas supp ly . 
The gas, e i t h e r a i r , f r o m a Broom and Wade "Handyair" 
compressor, o r n i t r o g e n , f r o m gas c y l i n d e r s , was metered t h r o u ^ a 
Rotameter f l o w - m e t e r t o a se r ies o f glass c o l d - t r a p s , immersed i n the 
a n t i - f r e e z e i n a r e f r i g e r a t e d t a n k , and thence to the glove-box. 
Water vapour and o i l f r o m the compressor were condensed out o f the 
gas i n the c o l d - t r a p s but the gaseous components were u n a f f e c t e d . 
The geis l i n e d ive rged so t h a t a supply o f gas was d e l i v e r e d t o the 
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two water reservoirs, which cons i s t o f 10 l i t r e pyrex a s p i r a t o r s , 
and t o the box i t s e l f . The f l o w o f gas t o each r e s e r v o i r and t o 
the box was c o n t r o l l e d by screw c l i p s on the rubber t u b i n g . (See 
P i g . V I I . 7 . ) Gas en te red the wa te r reservoirs t h rough pyrex glass 
tubes immersed i n the water and the reservoirs c o u l d be ven,ted f r o m 
the t o p . I t was envisaged t h a t wa t e r c o u l d be p u r i f i e d t o a c e r t a i n 
ex ten t by b u b b l i n g n i t r o g e n th rough the wa te r t o remove v o l a t i l e 
c o n s t i t u e n t s , and by c l o s i n g one o r o the r o f the vents water c o u l d 
be f o r c e d f r o m one reservoir t o the o t h e r . The gas pressure d i f f -
erence between the reservoirs was i n d i c a t e d by the mercury manometer 
and the pressure d i f f e r e n c e s due t o the head o f wa te r c o u l d be read 
o f f f r o m the scale on the s ide o f t h e reservoirs. 
The gas en te red the box t h r o u g h a l e n g t h o f copper p ipe 
b o l t e d t h r o u g h the side panel o f the box and f i t t e d w i t h an ' 0 ' r i n g 
t o ensure a g a s - t i g h t j o i n t . T h i s gas l ead ended i n a ground-glass 
B 19 cone which c o u l d be l e f t f r e e t o p ressu r i se the box o r c o u l d be 
i n s e r t e d i n t o the top o f the " s i n k " t o f o r c e wate r , which had been 
sampled, back i n t o the water system f o r recirculation. 
I n p r a c t i c e a gas f l o w r a t e o f about 5 l i t r e s p e r minute 
was r e q u i r e d t o p ressu r i se the box alone so t h a t the gloves remained 
t a u t , and a f l o w r a t e o f 10 l i t r e s p e r minute was s u f f i c i e n t t o pe rmi t 
gas t o be bubbled s t e a d i l y t h r o u ^ bo th reservoirs and s t i l l m a i n t a i n 
pressure w i t h i n the box, 
( i i ) The wa te r system. 
About 10 l i t r e s o f water were s t o r ed i n the two reservoirs 
screw 
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mounted on the r o o f o f the box. (See P i g , V I I . 8 . ) The 
reservoirs were connected t o g e t h e r w i t h new P.V.C. t u b i n g v i a 
t h e f r e e z i n g t u b e , a l e n g t h o f g lass t u b i n g f i t t e d w i t h a ' T ' 
J o i n t and t ap f r o m which water samples could be wi thdrawn, so 
t h a t f r e e z i n g p o t e n t i a l , c o n d u c t i v i t y : and pH meeisurements 
c o u l d be per formed, and a s i m i l a r ' T ' j o i n t connected t o a 
p r e s s u r i s e d s i n k th rough which the samples c o u l d be returned. 
The water passed through the w a l l o f the^ box through two 
ea r thed brass nozz les , Pyrex glassware was used throughout 
t o minimise con tamina t ion o f the water f r o m sodium ions as i t 
i s much l e s s so lub l e t h a n soda g l a s s , 
( i i i ) The c o o l i n g system. 
C o o l i n g was achieved by pumping c o l d , d i l u t e a n t i - f r e e z e 
s o l u t i o n f r o m the 80 l i t r e c apac i t y r e f r i g e r a t e d t ank i n which the 
c o l d - t r a p s were mounted. The i n p u t tube was s p l i t i n t o two and f e d 
b o t h t h e c o o l i n g tube and a f r e e z i n g c e l l . They had separate 
return tubes t o the refrigerated tank and the c o o l i n g ra te i n each 
piece o f apparatus cou ld be a l t e r e d by restricting the appropr ia te 
o u t l e t t u b e . 
( i v ) E l e c t r i c a l systems, 
250 V A.C. mains and 0 t o 30 V D.C. f o r the f r e e z i n g 
c e l l s t i r r e r were s u p p l i e d t o the box t h r o u ^ a i r - t i g h t p l u g s . 
The e l ec t rome te r leads were connected t h r e u ^ the box us ing 
B .N.C . c o - a x i a l sockets and c o - a x i a l leads were used in s ide the 
box t o reduce p i c k - u p , A v i b r a t i n g - r e e d e lec t rometer and rec-
o rde r c o u l d be connected t o each piece o f apparatus i n t u r n . 
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( v ) Other f a c i l i t i e s . 
I n a d d i t i o n t o the f r e e z i n g tube and f r e e z i n g c e l l , the 
glove box a l so conta ined a j f l meter and a c o n d u c t i v i t y c e l l . An, 
e l e c t r i c h a i r - d r y e r was p l aced i n the box t o ensure r a p i d thawing 
o f the f r e e z i n g tube a f t e r a r u n and the f r e e z i n g c e l l was mounted 
on a s m a l l , e l e c t r i c h o t - p l a t e f o r t h e same purpose. F o r convenience, 
the g love-box and the anc i l leu"y equipment were mounted on a t r o l l e y . 
(See P i g . V I I . 8 . ) 
V I I . 2(a) The p u r i t y o f the wa t e r . 
A s tudy was made of the e l e c t r i f i c a t i o n o f a sample o f 
d e - m i n e r a l i s e d , d i s t i l l e d wa te r . The wa te r had been d i s t i l l e d i n 
a commercial , g l a s s - l i n e d s t i l l and t h e n passed t h r o u g h a P e n n u t i t 
Mk, 8 d e - i o n i s i n g u n i t , c o n s i s t i n g o f emionic and o a t i o n i c exchange 
resins i n separate columns, u n t i l no change i n c o n d u c t i v i t y was 
d e t e c t a b l e . The resulting wa te r i n i t i a l l y had a c o n d u c t i v i t y o f 
1.00 X 10 tOj'^ m"'' when measured under a i r i n the g love-box . 
Both the r e s i n s used i n the d e - i o n i s i n g u n i t are p a r t i c u l a r l y 
e f f e c t i v e f o r removing s t r o n g l y a c i d i c and s t r o n g l y bas ic i o n s , e . g . 
2- + 2+ 
C I , SO^ , Na , Ca e t c . However, weak ac ids and bases, such as 
ammonia and carbon d i o x i d e are l e s s e f f i c i e n t l y removed f r o m s o l u t i o n . 
Some idea o f the c o n t r i b u t i o n t o the c o n d u c t i v i t y o f such 
v o l a t i l e weak ac ids and bases i s shown i n P i g . V I I , 1 0 . A 10 l i t r e 
sample o f the water was p l aced i n one o f the a s p i r a t o r s on top o f 
the g love -box . N i t r o g e n was bubbled t h r o u ^ t h i s d i l u t e s o l u t i o n 
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at a r a t e o f about 1 l i t r e pe r minu te . The c o n d u c t i v i t y o f the 
water was mesisured d a i l y and p l o t t e d against t ime o f bubbl ing t o 
g ive the graph reproduced i n P i g , V I I . 10. Th i s shows t h a t the 
-A -1 -1 
c o n d u c t i v i t y decreased w i t h t ime t o less than 0,2 x 10 ^0) m 
a f t e r 10 days. The dev ia t ions f r o m a smooth curve can probably be 
a t t r i b u t e d t o v a r i a t i o n s i n the ra te o f n i t r o g e n f l o w , because 
a l t h o u ^ the f l o w was set t o about 1 l i t r e pe r minute v^en a new 
n i t r o g e n c y l i n d e r was opened, the f l o w ra te changed as the pressure 
i n s i d e the c y l i n d a r f e l l . The r i n g e d p o i n t s on t h e graph represent 
t h e va lues o f c o n d u c t i v i t y on t h e days when the n i t r o g e n pressure 
had dropped overn igh t t o about 1 bubble per minute . The p r i n c i p l e 
behind, t h i s method o f p u r i f i c a t i o n i s as f o l l o w s . The n i t r o g e n 
sweeps a l l t he a i r out o f the a s p i r a t o r and, t h e r e f o r e , reduces the 
p a r t i a l pressure ofl carbon d i o x i d e , ammonia and any o ther d i s s o l v e d 
gases, above the s o l u t i o n . Since the v o l a t i l e i m p u r i t i e s i n the 
s o l u t i o n are i n e q u i l i b r i u m w i t h the vapours above the l i q u i d , some 
o f the i m p u r i t y comes out o f s o l u t i o n i n an e f f o r t t o restore 
e q u i l i b r i u m . Th i s vapour i s i n t u r n swept away by the n i t r o g e n 
and, u l t i m a t e l y , a l l the i m p u r i t y w i l l be removed. The e q u i l i b r i u m 
reactions wh ich are i n v o l v e d can be represented by the f o l l o w i n g 
equa t ions : 
NH^+ + CH " NHj^ OH ^=9 IIH3 + H2O, 
and o 
2H+ + CO2 H+ + ECOy^E2pO^^C02 + HgO 
As the gases are removed, so the e q u i l i b r i u m i s d i sp laced 
toward the r i ^ t . 
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When t h i s p u r i f i e d sample had had a i r b lown th rough i t 
f o r 2 days, the c o n d u c t i v i t y had inc reased t o 1»54 x 10"^ cO> » 
and i t remained constant a t about t h i s value f o r s e v e r a l weeks. 
T h i s increase over the o r i g i n a l va lue i n d i c a t e s t h a t the n i t r o g e n 
may a lso have been responsible f o r adding some i n ^ j u r i t i e s , wh ich 
were n o n - v o l a t i l e as t hey were not removed f r o m the s o l u t i o n by 
b u b b l i n g a i r t h rough i t . Perhaps these i m p u r i t i e s were f r o m the 
n i t r o g e n c y l i n d e r s themselves, e . g . r u s t p a r t i c l e s , o r f r o m the 
reducing v a l v e , bu t t h e i r nature i s u n c e r t a i n . The o t h e r t r ace 
i m p u r i t y which would be expected t o be present i n the water i s 
sodium c h l o r i d e f r o m the s o l u t i o n s used t o regenerate the column. 
The pH o f t h i s s o l u t i o n was 5«8 and i t was used t o o b t a i n bo th the 
f r e e z i n g p o t e n t i a l r e s u l t s shown i n Appendix 4 and t h e f r e e z i n g tube 
results shown i n Appendix 5« 
V I I , 2 (b) Expe r imen ta l d e t a i l s . 
The g love-box had f a c i l i t i e s f o r c o n t r o l l i n g the ra tes o f 
f l o w o f a n t i - f r e e z e s o l u t i o n , water and gas. A l l were found t o be 
s a t i s f a c t o r y w i t h t h e e x c e p t i o n o f c o n t r o l o f the s t a b i l i t y o f t h e 
gas supp ly . T h i s weis not c r i t i c a l f o r the a i r supp ly because the 
compressor u n i t was f i t t e d w i t h a pressure s w i t c h , but the n i t r o -
gen c y l i n d e r s cou ld not he l e f t on ove rn igh t f o r f e a r o f damaging 
the box o r o f water suck ing back f r o m the a s p i r a t o r s i n t o the gas 
l i n e s and thence syphoning i n t o the g love-box i t s e l f . As a result, 
no experiments have been conducted i n vrtiich the wa te r was i n 
W H E I I O E 
- 3 OCT 1969 
103. 
e q u i l i b r i u m w i t h pure n i t r o g e n . I n p r a c t i c e , d ry a i r had t o be 
passed th rough the glove-box o v e m i ^ t t o ensure t h a t the h u m i d i t y 
was low e n o u ^ t o e l i m i n a t e condensation on the f r e e z i n g tube . 
The i n d i v i d u a l exper imental procedures adopted were the 
same as those descr ibed i n Chapter V I and Chapter V I I , 1. However, 
charging o f the perspex f r o n t o f the glove-box was p icked up on 
t h e f r e e z i n g tube e l ec t rodes , and i t was necessary t o screen the 
upper e l ec t rode w i t h an ea r thed , brass-mesh tube (see P i g , V I I , 6 . ) 
t o reduce the noise l e v e l . M a n i p u l a t i n g the neoprene gloves was 
avoided d u r i n g f r e e z i n g runs f o r the same reason. 
I t was not necessary t o ra i se o r lower the water reservoirs 
t o cause the water t o f l o w t h r o u ^ ^ the f r e e z i n g tube ; the des i red 
head o f wa te r was set up by b lowing water f r o m one reservoir t o the 
o t h e r , u s i n g a i r p ressure , before the s t a r t o f a r u n . 
S tanding p o t e n t i a l d i f f e r e n c e s i n the f r e e z i n g tube were 
reduced by causing t h e water t o f l o w through ear thed brass nozzles , 
s i t u a t e d between t h e reservoirs and the t u b e . However, s u f f i c i e n t 
l e n g t h o f 10 mm diameter P.V.C. t u b i n g was l e f t between the nozzle 
and the f l o a t i n g e l ec t rode t o ensure t h a t the f r e e z i n g tube was 
be ing shunted by a resistance th rough the water o f more than 
1.5 X 10 cO> o I n t heo ry t h i s res i s tance should permit the meas-
urement o f f r e e z i n g p o t e n t i a l , temperature g rad ien t e f f e c t s and 
f l o w e l e c t r i f i c a t i o n . I n f a c t , e l ec t romete r t r aces o f the same 
genera l shape as those ob ta ined e a r l i e r were produced, a l t h o u ^ 
the v o l t a g e peaks caused by the f r a c t u r i n g o f the i c e tube were 
reduced. The same c o u l d also be s a i d o f the l a r g e , broad peak 
whidi was detected when the hole i n the ice column was very 
narrow. (Compare F ig . ^ 1 . 3 . with Pig. V I I . 9 . ) 
Unfortunately, the number of runs made using the freezing 
tube i n the glove-box under reproducible conditions has been 
l imi ted to the 13 runs l i s t ed i n Appendix 5 and shown graphically 
i n Pig. VII ,9« This is because, to ensure reproducibil i ty, i t is 
essential that the runs are made as soon af ter one another as 
possible, so that the amounts of dissolved a i r , impurities, flow 
rates and temperatures are constant. Unfortunately, no ice could 
be fonned i n the tube, even at re la t ive ly low water, and h i ^ an t i -
freeze solution, flow rates i f the anti-freeze tank temperature was 
above - 14 °C. The lowest anti-freeze solution temp rature obtain-
able i n the tank was - 26 ''c which represejited a drop of about 
32 deg.C, on the room temperature at that tims . During the summer 
months the laboratory temperature was often over 15 °C and under 
these conditions the anti-freeze temperature rose to - 1? °C and 
above. As each freezing run produced a temperature rise of about 
2 deg. C, i t proved impossible to perform the experiment with any 
degree of regularity or success, except on the occasions when the 
ambient tesDaperature had been below 15 °C fo r at least 2 days. The 
apparatus was not completed u n t i l March 19^9 so that the opportun-
i t y f o r freezing runs was severely l imited, par t icular ly as the 
cold room was not operational f o r much of the period between 
February and June. 
THE VOLTAGE AGAINST TIME GRAPHS 
FOR 
T H E GLASS FREEZING T U B E , 



















































































































Nevertheless, suff ic ient results have been obtained to show 
defini te trends, even i f they cannot give s ta t i s t ica l proof,and i t 
appears to be unlikely that much more information could have been 
obtained from additional runs. 
VTI. 2(c) The graphs of voltage against time f o r the freezing 
tube. (See F ig . VII.9TT 
The i n i t i a l , small peak, which coincides with the appear-
ance of ice i n the tube, shows a l l the characteristics exhibited 
by the typical freezing potential graphs. With one exception, i n 
F ig . V I I .9 (1) , the upper electrode always registered a positive 
potential , regsirdless of the direction of flow of the water th rou^ 
the tube. However, Run (1) was notable i n that the ice shell , vriiich 
foimed i n i t i a l l y from supercooled water near the walls of the tube, 
melted completely before re-appearing again. These voltage peaks 
were measured without having electrodes touching the ice directly and 
the water between the ice and the electrodes must have been behaving 
as a conductor. I n view of the sign of the e lec t r i f ica t ion , i t 
appears a^  though, i n i t i a l l y , the ice may be considered to be 
mainly connected to the lower, earthed electrode. I t might be 
expected that this effect would be part icularly marked i n the cases 
where the warn water entered t h r o u ^ the upper electrode, aa i n 
Runs (11 to 13) and F ig . VII .9 ( l1 to 13), and i n MAixdti the freezing 
took place nearer the lower electrode, but this does not seem to be 
the case. However, fa i lu re to observe such a difference i n only 
three readings is hardly significant when one bears i n mind the 
i r reproducibi l i ty of freezing potentials^ 
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I t can ailso be seen that the sign of the i n i t i a l 
p o t e n t i a l was always opposite to tha t of the standing po ten t i a l 
present before the s t a r t of a run j but as the standing potent ia ls 
were nearly always negative and the f reezing potent ia l s were usual ly 
p o s i t i v e , both i n the measurements taken wi th the glove box and 
outside, t h i s may be a coincidence» On the rate occasions tha t 
standing po ten t ia l s were present i n the f reez ing ce l l s they d i d not 
a f f e c t the sign of the charge separation prtjduced by f reez ing . 
The charac ter i s t ic increase i n po t en t i a l when the hole 
through the ice tube becomes very narrow does appear t o depend on 
the d i r e c t i o n of f low of the water. However, since these potent ia ls 
usual ly pers i s t a f t e r the hole becomes completely blocked w i t h i ce , 
they must be due to a charge separation process not involv ing the 
movement of water t h r o u ^ an ice tube. I t i s possible t o explain 
these potent ia l s i r terms of both the Temperature Gradient Theory 
and the charge separated on f r eez ing . A l l that can be said wi th 
ce r t a in ty , i s that the electrode nearer the end of the tube towards 
whid i the water had been f lowing regis tered a negative p o t e n t i a l . 
The differences between the e l e c t r i f i c a t i o n produced by 
8 
cracks appearing i n the ice tube when i t was shunted wi th a 10 til> 
r e s i s to r and when i t was not shunted suggested tha t the e l e c t r i f -
i c a t i o n was a consequence of phys ica l ly separating the ice surfaces 
while a charge separation mechanism was operating. I t i s perhaps 
s i g n i f i c a n t that i n F i g . VI Io4 , where there i s no general t rend i n 
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the p o t e n t i a l d i f fe rence , the cracks produced e l e c t r i f i c a t i o n 
of e i t he r sign, showing that perhaps two opposing charge separ-
at ing mechanisms had been operating. 
I t i s possible that t h i s explanation might also apply t o 
the production and release of a i r bubbles i n the perspex tube 
experiments. (See Chapter V ) . I f the a i r bubbles were responsible 
f o r removing a leakage path across an interface when they were 
produced, t h i s would allow a build-up of voltage. When the a i r 
bubble broke away from the surface, the leakage path would be 
restored and the voltage would re turn to i t s previous value. The 
sign of these voltage peaks would be deteimined by the charge sep-
ara t ing process which was operating i n the tube and hence the change 
i n the sign of the peaks on removing the coolant from around the 
tube. Since no de ta i l s are known of the f reez ing rates i n t h i s 
apparatus i t i s not possible to say wi th ce r ta in ty which charge 
separating mechanism was operating at any one t ime. 
VIIo 3o Conclusions. 
I t appears that the resul ts obtainable wi th the freezing 
tube are no more reproducible than were the results obtained wi th 
the f reez ing c e l l and t h e i r in te rp re ta t ion i s considerably more 
d i f f i c u l t . An i n s u f f i c i e n t niamber of runs has been carr ied out to 
draw any s t a t i s t i c a l conclusions, but a subjective examination of 
the recorder traces leasts to the conclusions that the Workman and 
Reynolds e f f e c t i s d e f i n i t e l y observable at the s ta r t of a run and' 
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that f reez ing potent ia l s can be t ransmit ted through water over 
quite large dLstaJices. 
I n the l a t e r stages o f a f r eez ing run the f reez ing pot -
en t i a l s "as measured by the electrodes in the water may change s ign, 
p a r t i c u l a r l y as the ice becomes very t h i c k and increases the resis-
tance between the electrodes, aajrametjrieally so that what may have 
become a low resistauice path from the in te r face t o an electrode 
becomes a high resistance path. I t i s ce r ta in that there are temp-
erature gradients both along and a®roas the ice tubes and some of 
the e l e c t r i c a l e f f e c t s may- be explicable i n terns of these, p a r t i c -
u l a r l y i n view of the f r eez ing rates involved. (See section V I . 4 ( c ) . ) 
While i t was not possible to measure f reez ing rates d i r e c t l y owing 
to the apparent magnif ica t ion of the ice tube when viewed through an 
ant i - f reeze so lu t ion , they were c e r t a i n l y lower than those i n the 
uns t i r r ed Workman and Reynolds type experiments described i n 
Chapter V I . 
No e l e c t r i f i c a t i o n which could be so le ly and d i r e c t l y 
a t t r i b u t e d t o the movement of water over ice has been detected, 
A possible explanation f o r the lade of an e l ec t rok ine t i c e f f e c t 
i s put forward below. 
The Workman and Reynolds E f f e c t i s explained by the 
select ive incorporat ion of ions in to the i c e . I t might be expec-
ted that when freezing was stopped the f r o z e n - i n space-charge of 
ions -would maintain the p o t e n t i a l d i f ference between ice and water, 
but pretons f low across the in te r face to neutral ise the space-charge 
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and the double layer of ions at the interface disperses. 
However, we have already seen i n Chapter I I I that e lec t ro-
k i n e t i c e f f ec t s depend upon the existence of an e l ec t r i c double 
layer at the in te r face ; but since the double layer w i l l only be 
present while f reezing i s progressing, e lec t rokine t ic e f fec t s 
w i l l only be detectable when water i s f reez ing. Under these con-
d i t i o n s , i t w i l l be almost inrpossible to separate the e lect rokinet io 
potentieQ. from the f reezing po ten t ia l but, from the point of view of 
the e l e c t r i f i c a t i o n of clouds, the separation of these processes i s 
u n l i k e l y to be of importance. 
The existence of an e l e c t r i c double layer not involving 
the presence of impuri ty ions but simply a r i s ing out of absorption 
of water molecules at the ice/water interface i s also un l ike ly . 
I n order tha t molecules can be absorbed, they must become orienta-
ted t o enable them t o be e l e c t r o s t a t i c a l l y bound to the ice phase, 
but once they have become orientated i n th i s way, they w i l l be 
indis t inguishable from the other molecules i n the bulk of the ice 
phase. I n t h i s respect they w i l l be d i f f e r e n t from water molecules 
absorbed onto a glass surface. 
The conclusions from the f reezing tube e:Q)eriment3, 
together w i t h those from the freezing c e l l experiments, eire summ-
arised i n Chapter V I I I and possible applications of the results 
t o cloud phenomena are discussed. 
CHAPTER V I I I 
CONCLUSIONS AND POSSIBLE APPLICATIONS TO CLOUD 
EHENOMENA. 
V I I I . 1 , Conclpjcsions whid i can be drawn from the 
Freezing Experiments. 
The conclusions which can be drawn from the experiments 
w i t h the f reez ing ce l l s and f reez ing tubes may be sxjmmarised as 
f o l l o w s . 
( i ) Freezing po ten t ia l s are greater than the 
corresponding temperature gradient po ten t ia l s f o r 
f r eez ing rates i n the range l O ' ^ t o ^ x l O - ^ m s , 
f o r de-mineralised water w i t h a conduct iv i ty of 1.5 x 
10-^ JTb'^ m'\ 
( i i ) Changing the amount of a i r bubbles i n the i c e / 
water in ter face can change the f reezing potent ia l s by 
a l t e r i n g the i n t e r f a c i a l resistance. The temperature 
gradient po ten t ia l s w i l l be less a f fec ted by the amount 
of a i r i n the sample. 
( i i i ) The f reez ing po ten t ia l s are somewhat dependent 
on the f reez ing ra te . But since the f reez ing po t en t i a l 
i s , at any one t ime, a func t ion of the charge separation 
ra te , o f the charge neu t ra l i sa t ion rate and of the temp-
erature gradient , i t i s not d i r e c t l y propor t ional to the 
f reez ing r a t e . 
I l l , 
( i v ) Freezing potentials measured i n very d i lu te 
solutions are not exactly reproducible, 
(v) Freezing potent ia ls have been, observed when 
both electrodes are i n contact only wi th water, 
( v i i ) On f reez ing , de-mineralised water always becomes 
p o s i t i v e l y charged wi th respect to i ce , provided that the 
Workman and Reynolds E f f e c t predominates over the Temper-
ature Gradient E f f e c t . 
( v i i i ) There i s no di rect evidence to suggest that charge 
can be sepaurated by water f lowing over i ce , i n the absence 
o f any other f o m of charge separation. 
I n the l i g h t of these f ind ings , cer ta in other suggestions 
and explanations may be put forward. 
Although only a r e l a t i v e l y small range o f freezing rates 
was studied i n the f reezing c e l l measurements described i n Chapter 
V I , the work of G i l l (1953), Gross (1965) and Pruppacher et a l . 
(1968) shows tha t Conclusion ( i ) i s applicable over a wide range 
of f reez ing ra te . However, i t w i l l only be v a l i d i f the ions 
present i n the so lu t ion are such that the f reezing potentials which 
would have been recorded are not very small; otherwise, they would 
be less than the temperature gradient potent ia ls , which may be reg-
arded as being independent of in?)uri t ies. 
Conclusion ( i v ) i s that the f reezing potent ials are not 
exact ly reproducible. While t h i s i s t rue , many of the factors 
involved have been q u a l i t a t i v e l y characterised and i t seems l i k e l y 
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tha t more reproducible results could be obtained from runs made 
under vacuum, w i t h very small quaintities of water t o reduce con-
vec t ion , and quite h igh , and exactly reproducible, f reez ing rates, 
e .g . spontaneous f reez ing of supercooled solut ions , i n i t i a t e d at 
p rec ise ly con t ro l led temperatures. Nevertheless, F i g , VI .10 dem-
onstrates that they can be reproduced to w i t h i n an order of magnitude 
to each other. 
C o n c l u s i o n ^ i : ) , that water always becomes p o s i t i v e l y 
charged w i t h respect t o ice when the V/orkman and Reynolds E f f e c t 
predominates, only applies t o the samples of water used i n the 
experiments. I t was generally true f o r a l l the samples of de-
mineralised water obtainable on the Durham Unive r s i ty Science Si te 
and i t was also true f o r s i m i l a r samples of d i s t i l l e d water and f o r 
Durham tap-water; but i n a l l cases a l i k e l y contaminant would be 
sodium chlor ide , or at any rate the chloride anion. Workman and 
Reynolds (1950) and subsequent workers report tha t water becomes 
p o s i t i v e l y charged on f reez ing when sodium chloride i s present i n 
association w i t h most cations. This i s not to say that the pres-
ence of add i t iona l and d i f f e r e n t ions would not change the sign of 
the charge separation but t h e i r e f f e c t was not invest igated i n these 
experiments since they have been f u l l y characterised by other wor-
kers . On one occasion only was a drop of ammonia so lu t ion added 
to a sample of de-mineralised water i n a brass f reez ing c e l l . The 
amount of ammonia added was s u f f i c i e n t to make the mola r i ty of the 
—2 
so lu t ion about 10 , but the addi t ion of t h i s amount of ammonia 
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d id not change the sign of the f reezing p o t e n t i a l . I t may 
have been that a l l the ammonia was not i n a f o m suitable f o r 
incorporat ion in to the ice l a t t i c e , because the solut ion dev-
eloped a s l i g h t l y blue caste, which is character is t ic of solutions of 
a 3upraimnonium complex - ion . 
V I I I . 2 , Possible Applications of the Results to Cloud 
E l e c t r i f i c a t i o n Phenomena. 
Great care must be exercised i n applying the conclu-
sions of experiments on bulk ice emd water to conditions i n clouds. 
I t i s , perhaps, more reasonable to expect the results to' apjply to 
the results of laboratory experiments designed t o simulate such 
conditions and the reader of t h i s thesis w i l l be l e f t to fonn his 
own judgement of how f a r ind iv idua l laboratory simulations can be 
applied t o clouds, 
V I I I . 2 ( a ) The e l e c t r i f i c a t i o n of simulated hailstones. 
Let us f i r s t consider the case of a simulated hailstone 
moving at a speed equal to the f r e e - f a l l value relative to the 
surrounding a i r . When the hailstone i s accreting small supercooled 
water droplets to give a rimed ice surface, the droplets which 
c o l l i d e w i t h the hailstone w i l l be f reezing spontaneously. Accord-
ing t o Pruppacher (1967), the rate at which ice crystals w i l l ^ w 
i n the impinging droplets i s of the order of tens of mil l imetres 
per second. Therefore, from Conclusion ( i ) , we should expect the 
Workman and Reynolds E f f e c t to predominate. However, the hailstone 
w i l l not acquire a net charge u n t i l some of the ice or water i n the 
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f reez ing droplet becomes detached. Latham and Mason (196IB) 
report that ice sp l in te rs are l i k e l y to be ejected under sucsh 
condit ions. I f the droplets were composed of de-mineralised 
water of the type available i n Durham, we should expect the h a i l -
stone t o become p o s i t i v e l y charged and tha t the sp l in te r s w i l l 
carry away negative charge. Rogers (19^7), i n experiments w i t h 
ice-spheres of 15 mm diameter, supported on an a i r j e t , observed 
tha t the ice-spheres became p o s i t i v e l y charged on accreting drop-
l e t s whose temperature was below - 12°C. This agrees w e l l w i th 
the predicted sign of charge separation. However, when these 
simulated hailstones were accret ing droplets whose temperature 
was above - 12°C, they became negatively charged, Rogers a t t -
r ibu ted the negative charging to the splashing o f f of small 
p o s i t i v e l y charged water droplets produced by the shat ter ing of 
f reez ing droplets on the hailstone surface. Although no deta i l s 
of the accret ion rates are given by Rogers to confirm t h i s prop-
osa l , the work of Latham and Mason (1961B) suggests tha t s p l i n t e r 
production continues at a constant rate u n t i l the droplet temper-
ature r i ses to - 6°G. Therefore, i t might be more realistic to 
consider that t h i s change i n sign i s a t t r ibu tab le t o a change i n 
the mechanism of charge separation at h i ^ e r temperatures. At 
higher temperatures, the Temperature Gradient Mechanism may predomin-
ate and under the influence of t h i s e f f e c t we should expect the ice 
sp l in te r s to be p o s i t i v e l y charged, leaving the hailstone w i t h a 
net negative charge, as found i n pract ice at temperatures between 
- 10 and - 7°C. 
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Because the water droplets used by Rogers were those 
na tu ra l ly present i n the a i r stream and probably not of a high 
degree of p u r i t y , the agreement found between the predicted 
charge separation and the experimental results i s probably f o r -
t u i t o u s . However, i t i s l i k e l y that the results of workers using 
the same solutions as those used i n the experiments described i n 
Chapters V I and V I I should be explicable i n tenns of the results 
obtained i n these experiments. Church (1966), S to t t and Hutch-
inson (1965)» Evans and Hutchinson (1963) conducted t h e i r research 
i n Durham and used water samples from the same sources as those used 
i n the f reez ing tube and f reezing c e l l s . The water used by other 
workers may have contained d i f f e r e n t impuri t ies and the sign of the 
f reez ing potentieuLs, which would have been obtained i n t h e i r samples, 
i s uncertain. 
Church (1966) investigated the charge acquired by an i ce -
coated rod when i t was whir led t h r o u ^ a stream of supercooled 
water droplets w i t h diameters i n the range 50 to 150 / im. The sur-
face of the rod became r ippled and glassy and small droplets were 
f l u n g o f f . Under these conditions the rod became negatively charged 
when the droplets were.below 0 °C, (See F i g . I V , 2 . ) He suggested 
tha t the Workman and Reynolds E f f e c t was responsible f o r the obser-
ved charge separation and his resul ts agree wi th the results which 
would have been predicted from the f reezing c e l l experiments. He 
was unable to explain the redaction i n negative charging at low 
temperatures, a l t h o u ^ the production of spongy ice or the ejec-
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t i o n o f ice sp l in te r s may be responsible. Church also noted 
that the net charge separated was a maximum at a temperature of 
- 3°C and tha t the rod became p o s i t i v e l y charged when the drop-
l e t s were at temperatures above +2 °C, I t i s possible that t h i s 
l a s t observation can be explained i n terms of the Temperature 
Gradient E f f e c t which was measured i n Section V I , 4 ( c ) . When a 
warm droplet co l l ides w i t h the cold rod, i t w i l l freeze much more 
slowly than the supercooled droplets would have done, p a r t i c u l a r l y 
since the warm water w i l l be running over the ice surface i n the 
way that warm water runs over the ice surface i n the f reez ing ce l l s 
when the s t i r r e r i s operated. Therefore, the Temperature Gradient 
Mechanism w i l l predominate and, since the rod i s below 0 °C while 
i t s iced surface i s at 0 °C, the ice/water in ter face w i l l be neg-
a t i v e l y charged w i t h respect t o the core of the rod. Some of t h i s 
negative charge w i l l be car r ied o f f by splashing droplets , leaving 
the rod w i t h a pos i t ive charge. 
The results of Evans and Hutchinson (19^3) and S to t t 
and Hutchinson (1965) , who also used water from the Durham Science 
S i t e , can be explained q u a l i t a t i v e l y i n terms of the Workman and 
Reynolds E f f e c t . Their results indicated that the water i n t h e i r 
s ingle drop experiments became p o s i t i v e l y charged w i t h respect to 
the i ce , during f reez ing , 
Kachurin and Bekryaev (196O) noted that ice became neg-
a t i v e l y charged w i t h respect t o water, whereas the results of 
Mason and Maybank (196O) suggested tha t the charge separation i s . 
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perhaps, i n the opposite d i r ec t i on . This conclusion i s only 
v a l i d i f i t i s assumed that the major residues conteiin more 
water than ice and the minor residues consist mainly of i ce . 
Workman and Reynolds(l 953) dropped water onto a cold hailstone 
and, apparently, obtained charge separations i n e i ther direc-
t i o n , depending on the impuri t ies present i n the water. 
Another experiment on the e l e c t r i f i c a t i o n of accreting 
h a i l pe l l e t s was performed by Latham and Mason (1961B), They 
were endeavouring to investigate the charging associated w i t h the 
growth of s o f t h a i l pe l l e t s by measuring the e l e c t r i f i c a t i o n of an 
a r t i f i c i a l hai ls tone which was co l l ec t ing supercooled water drop-
l e t s . Latham and Mason report that the f reezing of droplets on the 
surface of the hailstone caused i t to become negatively charged and 
was accompanied by the e j ec t ion of small ice sp l in te r s . The charge 
separated was proport ional to the rate of s p l i n t e r production, which 
i s what one might expect i f the diarge i s being separated by the 
Temperature Gradient E f f e c t , but , equally, i t i s one would expect 
i f i t was being separated by the Workman and Reynolds E f f e c t . The 
s ign of the charge separation i s opposite to what would be predic-
t ed from my f reez ing experiments wi th d i s t i l l e d water i n Durham, 
but the same as that found by Workman and Reynolds f o r d i s t i l l e d 
water i n New Mexico, Since the work of Latham and Mason and 
Mason and Maybank was carr ied out using samples of d i s t i l l e d water, 
probably from the same source, i n the atmosphere of a large indus-
t r i a l c i t y , i t i s l i k e l y to contain ammonia, and, therefore, i t 
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would be expected to give a charge separation such that the 
water became negative w i t h respect to the ice , on rap id f r eez ing . 
Therefore, the sign of the charge separation alone i s not diagnos-
t i c of a temperature-gradient-directed separation of charge. However, 
Latham and Mason heated the hailstone w i t h r ad i a t i on from a tungsten 
lamp and noted that the charge separation rate f e l l . Unfortunately, 
t h i s too i s not conclusive proof of a charge separation mechanism 
governed by temperature gradients as we have already seen that the 
Workman and Reynolds potent ia ls are a f u n c t i o n of the f reezing rate, 
which must i t s e l f be governed t o a ce r ta in exterjt by the temperature 
d i f f e r ence . I n f a c t , the f r eez ing rates i n these experiments would 
be more l i k e l y t o favour the Workman and Reynolds E f f e c t , rather than 
the Temperature Gradient E f f e c t , as the main charge separation process. 
Latham and Mason also noted tha t the a r t i f i c i a l hailstone became pos-
i t i v e l y charged f o r high a i r stream ve loc i t i e s past the hai ls tone. 
This they a t t r i bu t ed to the throwing o f f of water droplets from drops 
which shattered on impact. This observation too i s consistent w i th a 
charge separation mechanism operating on f r eez ing . However, i n t h i s 
case i t may be e i the r the Workman and Reynolds E f f e c t or the Temper-
ature Gradient E f f e c t , because the water i s moving relative to the 
icejWhich can reduce the f reez ing ra te , as mentioned e a r l i e r . 
Unfortunately, i t i s not possible to expla in these results 
quan t i t a t i ve ly i n terms of the Workman and Reynolds E f f e c t , because 
the f reez ing potent ia ls which would have been produced i n the f reez ing 
c e l l by t h e i r samples of water are not known. The charge which would 
119. 
be separated on f reezing a so lu t ion at a rate of 10 "5 m s"^, 
which produced a f reezing po ten t i a l of 1 V i n the freezing c e l l 
described i n Chapter VI corresponds to a charge separation of 
-8 
about 2 x 1 0 C per ml o f so lu t ion f rozen. This i s more than 
adequate t o explain the e l e c t r i c a l e f f ec t s described above, and, 
i f anything, t h i s represents an under-estimate of the charge sep-
arated i n the f reez ing c e l l measurements. The charge which can be 
separated by water f lowing over an ice surface i n the f reezing tube 
i s three t o fou r orders of magnitude less than t h i s , which corres-
ponds w e l l w i t h many of the measurements of the charge separated 
when water droplets are splashing o f f an ice surface. Clear ly , i t 
i s essential that f u r t h e r measurements are made to compare d i r e c t l y 
the results obtained on the bulk f reezing of ice and water, and the 
f reez ing of supercooled droplets on a siiaulated hailstone. 
The charge separation processes involving the presence of 
both small ice pa r t i c les and supercooled water droplets are much 
more d i f f i c u l t to in te rp re t from measurements of bulk e l e c t r i f i -
cat ion of ice and water, and ,un t i l a detai led model of the processes 
occurring i s produced, any explanations must be based on speculations 
without adequate s c i e n t i f i c backing. Therefore, at the present t ime, 
i t i s un rea l i s t i c t o attempt t o explain the results o f Reynolds, 
Brook and Gourley (1957) and Magono and Takahashi (19^3) i n terms of 
the results obtained i n Chapters VI and V I I . 
V I I I . 2 ( b ) The charge separated on melt ing. 
I n Section V I . 4 ( c ) , the e f f e c t of s t i r r i n g the freezing 
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solutions was described. I t was noted that Temperature Gradient 
E f f e c t s persis ted when melt ing of the ice surface was occurring. 
This may be s i g n i f i c a n t i n the e l e c t r i f i c a t i o n of mel t ing h a i l . 
I f a la rge , cold hailstone f a l l s i n to an area of a cloud below 
the 0 °C isotherm, i t s outer surface w i l l become warmed and begin 
t o mel t . I f droplets are f l u n g o f f i t s surface while the core of 
the hai ls tone i s s t i l l below 0 °C, they w i l l carry away net negative 
charge leaving the hailstone w i t h a pos i t ive charge. The relative 
e f f i c i e n c y of t h i s proposed mechanism of charge separation compared 
w i t h that of the Dinger and Gunn E f f e c t w i l l depend on the heat 
capacity of the hailstone and the melt ing ra te . The charge separ-
a t ion noted by Rogers (19^7) was opposite t o t h i s and i t i s ' possible 
that hailstones of the size used by Rogers were warmed completely 
t o 0 °C before droplets were f l u n g o f f . A l t e r n a t i v e l y the Dinger 
and Gunn E f f e c t , which charges the melt-water r e l a t i v e to the a i r , 
was predominating. Clear ly , f u r t h e r laboratory work i s required 
on the e l e c t r i f i c a t i o n of melt ing h a i l . 
V I I . 3o The E l e c t r i f i c a t i o n of Mel t ing Snow on the Ground. 
I n t h i s case, both the Temperature Gradient E f f e c t and 
the Dinger and Gunn E f f e c t w i l l be ac t ing i n the same d i r e c t i o n 
and i t i s possible tha t both were con t r ibu t ing t o the e l e c t r i f i -
ca t ion over r ap id ly melt ing snow detected by Bent and Hutchinson 
(1965)0 I n view of the unusual atmospheric conditions p reva i l i ng 
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at the time of t h e i r measurements, there i s , perhaps, scope 
f o r a laboratory experiment to simulate the conditions t o 
examine the relative contributions of the two e f f e c t s . 
These conclusions show the l i m i t s to iVhich the 
results described i n Chapter VI and Chapter V I I may be applied. 
I n order that more deta i led predictions of the e l e c t r i f i c a t i o n 
processes i n clouds may be made, f u r t h e r experiments w i l l be 
necessary. Some suggestions f o r possible experiments are put 
forward in^^hapter IX . 
C3HAPTER IX. 
Suggestions for Further Work 
The iireproducibility of the freezing potentials, 
described in Chapter VI , shows that conditions within the 
ice/water interface could be profitably investigated. The 
effect on the freezing potentials of various hydrogen bonding 
solutes, eogo alcohols and amines, might allow further conclu-
sions to be drawn on the charge separation mechanisms. Such 
work is more in the province of the physical chemistry of 
solvent sjrstems and could probably be investigated more 
profitably in a physical chemistry laboratory. However, the 
results might sGlow q^iantitative prediction of the freezing 
potentials which might be obtained with a given solution. 
Because no attempt has been made to simulate conditions 
which are known to exist in clouds, the results of the exper-
iments described in Chapters V to VII should not be applied 
directly to cloud phenomena. Consequently, i t would be of l i t t l e 
use to propose experiments to investigate particular aspects of 
cloud electrification. However, the results case some doubt on 
the validity of some of the explanations for electrification of 
ice and water in experiments designed specifically to simulate 
conditions in clouds, and so it is in the f ie ld of simulations 
that further experiments need to be done. The electrification 
of an ice-sphere, accreting water droplets whose temperatures 
1 2 3 . 
vary over a wide range, shoxxld be investigated in association 
with measurements pf the freezing potentials of the bulk water 
sample from whi<^ the droplets are to be produced. I t af)pear8 
that the accretion rates, the freezing rates, the ioe-sphere 
temperature and the configuration of the air-flow around the 
sphere may be of in?)ortance in determining the electrification 
of the sphere and, i f possible, their effect on the net charge 
separated should be examined so that the relative contributions 
of the Workman and Reynolds Effect and the Temperature Gradient 
Effect to the electrification can be estimated. 
A laboratory investigation of the contribution of 
temperature gradients to the electrification on melting of 
hail and the electrification of falling and lying snow might 
also lead to a fuller understanding of the problems posed by the 
discrepancies between the f ield and laboratory measurements of 
MaoCready and Proudfit ( 1 9 6 5 ) , and to a quantitative explanation 
of the electrical effect over a rapidly melting snow surface 
which was observed by Bent and Hutchinson ( 1 9 6 5 ) 0 
Since any electrical charge separation directly attrib-
utable to the motion of water over axi ice surface appears to be 
small compared to the charge separated by the Workman and Rejmolds 
Effect and the Temperature Gradient Effect, i t does not look as 
though this process wi l l be of impprtance in separating electric 
charge in cloudso Therefore, there should be no need to inves-
tigate such an effect further in this context. 
1 2 4 . 
The results of the experiments into the electrification 
of ice and water show the need for water of a high degree of 
purity as a starting point for a l l electrification experiments 
with ice ajid water. I t is recommended that the water should be 
distilled from a permanganate solution, that i t should be de-
ionised through new cationic and anionic ion-exchange resins 
and then passed through a "mixed-bed" resin before use. I f 
necessary i t should then be re-distilled in a pyrex, or a 
metsillic, s t i l l and its conductivity and pH checked and rec-
orded before use. 
APPEM}IX 1 . 
The Vibrating-regd Electrometer, 
The EGKO vibrating-reed electrometer, i^ ype n 6 i 6 B , 
is intended primarily for the measurement of very small currents 
8 1 6 
in the range 1 0 " to 1 0 " amps from ionisation diambers but it 
may also be used for measuring currents and voltages from other 
sources. 
The instrument comprises an electrometer head unit and 
an indicator unit coupled together by cables. The sealed and 
dessicated head unit contains three in^ut resistors with a push 
button selector switch, a vibrating reed type dynamic capacitor 
and an A.G. amplifier with a cathode follower. The indicator unit 
houses the remainder of the electronics and controls. 
The input current is passed through a known resistor, when 
the selector switch i s in the "Ion Chamber" position, or is allowed 
to build up a charge on the capacitor, when the selector switch is 
in the "Voltage" position. The instrument then measures the volt-
age across either the resistor or the capacitor. The voltage is 
applied to the modulator, the capacity of v^ich is changed cyclic-
ally at a frequency of sfiproximately 4 5 0 hz, thus proi^ -ucing an A.G. 
signal proportional to the D.C. voltage across the capacitor. The 
A,C, voltage is an^jlified and rectified, the resultant D.G. voltage 
being sufficient to drive a meter and recorders. Overall feed-
back is provided to give gain stability. 
For the experiments described in this thesis the source 
impedance was less than 1 0 times the biggest input resistor and, 
therefore, the "Voltage" range was used. Any one of the three 
input resistors, 1 0 ^ , 1 0 ^ ^ or AO^^ <f2i could be connected between 
the ir^ut and earth to shunt the applied voltage, or the Open 
Circuit push button on the head unit could be selected in which 
the shunting resistor was the leakage resistance of the unit to 
earth; under ideal conditions this should be around ^0^^ (Th . 
The normal maximum full-scale deflection is for an input 
of 1 V but the meter can be switched to read a full-scale deflec-
tion of 3 0 0 , 1 0 0 , 3 0 , 1 0 or 3 mV. With this "Range" switch in the 
"Check" position, voltages up to 3 V can be measured and i f a "back 
off" voltage is applied to the calibration socket on the front, 
voltages of up to 1 0 0 V can be measured. 
APPENDIX 2 . 
The Effect of Low Temperatures on Solder. 
Soft soldsr is an alloy of t in and lead in the 
proportions 33^° t in and 67% lead. However, tin has three 
crjrstalline modifications. o<. - Tin is a non-metallic, 
low density foitn with a diamond structure, ^ - Tin and 
t - t in are both metallic forms with close-packed arrange-
ments of the atoms. The transitions are:-
l 3 o 2 ° C 161°C 232°C 
oC = Sn ^ , /3 - Sn ^ , T - Sn ^ , Sn liquid. 
Clearly, the most stable form of t in below 1 3 °C is 
the non=metallic <X - t in. However, the rate of transition of 
^ - t i n to oC- t in is very slow at temperatures above 0 °C, 
and as temperature fa l l s , so the rate of transition increases. 
Therefore, at low temperatures, even well-soldered joints wil l 
become dry and brittle. 
In order to ensure good electrical and mechanical Joints 
at low temperatures, silver solder, which contains no tin, has 
been used throughout in the construction of the apparatus descr-
ibed in this thesis. 
APPEIOIX 3 . 
The Results of the Perspex Tube Experiments. 
The graphs of voltage e^ gainst time for the perspex 
tube experiments described in Chapter V, Section V, 3(b). 
The electrometer ir^ut was not shunted and the 
voltages were measured between the ends of the tube using 
matched, brass electrodes. The same sample of de-mineralised 












The Results of the Freezing Cell Experiments. 
The graphs of voltage against time for the freezing 
cel l experiments described in Chapter VI. Section VI.4(b) , 
The electrometer input was shunted with a lO^^cTi 
resistor with the selector switch in the "Voltage" position. 
The same sample of de-mineralised distilled water was used 
for a l l the runs. A recorder speed of 1 0 ""^  m s"^  was used. 
In i t ia l Conductivity of Solution = 1 . 5 5 5 x lO"Vb~^ ™"^  
pH of solution = 5 . 8 
at 1 0 . 1 5 hrs B.S.T, on 2 5 / 2 / 6 9 . 
Run ( 1 ) . 
Time of starting = 13 .58 hrs B,S,T. 25/2/69. 
Time. Ice Freezing Anti-freeze Potenti 
thickness rate Temperature. Differei 
(s) (mm) (yu-m s''') ( ° c ) (V) 
0 0 - 1 6 . 3 
2 2 . 0 0 . 5 9 0 . 1 8 
2 6 , 8 0 . 7 2 3 5 . 6 0 , 1 9 
3I0O 0 . 9 1 - 1 9 . 5 0 . 1 9 
3 9 c 8 1 . 1 9 28.8 -20.0 0 o 2 0 
4 9 . 4 1 . 4 4 - 2 0 . 1 0 . 2 0 
6 1 . 2 1 . 7 6 2 7 . 3 - 2 0 . 2 0 . 2 2 
6 8 . 1 1 . 9 5 - 2 0 . 2 0 . 2 2 
8 1 . 0 2 . 2 0 2 4 . 5 •r20.3 0 . 2 4 
8 9 . 7 2 . 4 8 • - 2 0 . 3 0 . 2 6 
1 0 2 . 0 2 . 7 5 2 1 . 2 - 2 0 . 4 0.28 
114.2 2 . 9 9 - 2 0 . 4 0 . 2 6 
1 2 7 . 9 3 . 2 4 2 0 . 9 - 2 0 . 2 0 . 2 0 
1 3 8 . 1 3 . 4 9 - 2 0 , 2 0 . 2 0 
1 5 4 . 3 3 . 7 4 1 9 . 3 - 2 0 . 1 0 . 2 1 
1 6 4 . 0 3 . 9 9 - 2 0 . 1 0 . 2 2 
on stirring -0.10 
Run (2). 
Time of starting = 14.16 hrs B.S.T. 2 5 / 2 / 6 9 . 






(s) (mm) a'"') (°c) (V) 
0 0 
3 9 . 0 0.59 0.19 
4lf.0 0 , 7 2 2 3 , 7 0.18 
5 2 . 5 0.91 0.18 
59.6 I 0 I 9 2 3 . 8 0.21 
74.8 1.44 -19.0 0 . 2 6 
8 7 . 0 1 . 7 6 2 1 . 4 - 1 9 . 0 0 . 3 2 
9 8 , 6 1.95 - 1 9 . 0 0,37 
i11 2.20 22.6 - 1 9 . 0 0 . 3 9 
1 2 2 2,48 -18,7 0 , 4 0 
140 2.75 1 7 . 7 - 1 8 . 9 0 , 4 1 
1 5 0 . 8 2,99 - 1 8 . 5 0 , 3 9 
1 7 2 . 2 3 . 2 4 1 3 . 1 - 1 8 . 4 0 . 4 0 
1 8 9 3.49 - 1 8 . 4 0.35 
2 0 6 . 5 3.74 1 6 . 9 - 1 8 . 3 0 . 3 0 
218 3.99 - 1 8 . 3 0 . 2 3 
on stirring -0,08 
Run (3). 
Time of starting — on 2 5 / 2 / 6 9 . 
Tijne Ice Freezing Anti-freeze Potential 
(s) thickness Rate Teniperature Difference 
(ram) ( ° o ) (v) 
0 0 - 1 6 . 0 
31 0 . 5 9 0 . 3 5 
3 4 0 . 7 2 3 2 . 0 0 , 4 0 
4 1 0 .91 0 , 3 3 
5 1 1 . 1 9 2 0 . 0 H 8 . 3 0 . 2 4 
6 7 . 5 1 . A 4 - 1 8 . 3 0 . 2 8 
81 1 . 7 6 2 1 . 9 - 1 8 . 4 0 : 4 1 
9 0 . 8 1 . 9 5 - 1 8 . 3 0 . 4 2 
1 0 6 . 9 2 , 2 0 1 8 , 2 H 8 P 3 0 . 4 3 
1 2 0 2 . 4 8 - 1 8 . 3 0 . 5 ^ 
1 3 6 . 7 2 . 7 5 1 7 . 0 - 1 8 , 2 0 . 5 8 
1 5 2 2 . 9 9 - T 1 8 . 2 0 . 5 7 
1 6 8 . 0 3 . 2 4 l 6 . 7 - 1 8 , 1 0 . 5 8 
1 8 2 . 0 3 . 4 9 - 1 8 . 0 0 . 5 2 
2 0 1 3 . 7 4 1 1 . 0 - 1 7 . 8 0 . 5 0 
2 2 7 3 . 9 9 - 1 7 . 7 0 . 4 2 
on stiiTing ^ 0 . 0 7 5 
Run ( 4 ) . 
Time of starting = 15.17 hrs B.S.T. 2 5 / 2 / 6 9 . 
Time Ice Freezing. Anti-freeze Potential 
thickness rate temperature. Difference, 
(s) (mm) (yjLm s"'') (o c) (V) 
0 0 - 1 7 . 0 
1 6 . 0 0 . 5 9 0 , 5 0 
21 0 . 7 2 2 6 . 2 - 1 8 . 0 0 , 8 + 
28.2 0 . 9 1 0 . 8 + 
3 6 . 0 1 . 1 9 2 4 . 3 0 . 8 + 
5 0 1 . 4 4 0 . 7 0 
6 1 1 . 7 6 2 4 , 3 - 1 8 . 1 0 . 8 + 
71 1 . 9 5 - 1 8 . 2 0 . 7 8 
8 4 . 0 2 . 2 0 1 8 . 9 - 1 8 . 1 0 , 8 + 
9 9 2 . 4 8 - 1 8 . 0 0 . 7 0 
1 1 4 2 . 7 5 1 7 . 0 - 1 8 . 0 0 . 7 0 
1 2 9 2 . 9 9 - 1 7 . 9 0 . 6 0 
1 4 7 3 . 2 4 1 4 . 7 - 1 7 . 8 0 . 6 0 
1 6 3 3 . 4 9 - 1 7 . 7 0 . 5 5 
1 8 4 3 . 7 4 1 3 . 1 - 1 7 c 6 0 . 5 0 
2 0 1 3 . 9 9 
on stirring 
- 1 7 . 4 0 . 5 5 
-Q,o06 
Run (^) 
Time of starting = 1 6 , 3 8 hrs B.S.T. 2 5 / ^ 6 9 . 
Time Ice Freezing Anti-Freeze Potential 
Thickness, Rate, Temperature different 
(s) (mm) (yAm s""") (0 c) (V) 
0 0 - 1 6 
2 4 . 1 0 , 5 9 1 . 0 0 
28.2 0 , 7 2 2 4 . 8 - 1 7 . 4 1 . 3 + 
3 7 0 . 9 1 1 . 3 + 
5 0 1 . 1 9 2 5 . 5 1 . 3 + 
5 7 . 8 1 , 4 4 - 1 8 , 0 1 . 3 + 
7 0 . 0 1 , 7 6 2 3 . 2 1 . 3 + 
7 9 . 8 1 . 9 5 1 . 3 + 
9 4 . 6 2 . 2 0 1 9 . 6 - 1 8 . 4 1 . 3 
1 0 6 . 8 2 , 4 8 1 . 2 
1 2 2 , 3 2 . 7 5 1 6 . 4 - 1 8 , 3 1 . 1 
1 3 7 2 , 9 9 - 1 8 . 2 1 . 0 
1 5 4 3 , 2 4 1 7 , 9 - 1 8 . 0 0 . 9 
1 6 5 3 . 4 9 - 1 8 . 0 0 . 9 
1 8 6 3 . 7 4 1 3 . 6 - 1 7 . 9 0 . 8 
2 0 1 , 8 3 . 9 9 - 1 7 . 7 0 . 7 5 
on stirring - 0 , 0 9 
Run (6) 
Time of starting = 16.53 hrs B.S.T. on 25/2/69. 
Time Ice Freezing Anti-freeze Potential 
Thickness Rate. Temperature Difference. 
(s) (mm) (yuns--") ( ° C) (V) 
0 0 -15.5 
25 0.59 0.50 
28 0.72 26,7 -16.8 1.00 
37 0.91 1.00 
49 I 0 I 9 2,52 0,98 
58 1.44 -17.0 0,95 
72 1.76 23.1 -17.0 0,70 
80.1 1.95 -17.0 0.35 
96.9 2.20 20,0 -17.0 0.30 
106,6 2.48 -16.8 0.40 
124.7 2.75 18.0 -16.7 0.40 
135 2.99 -16,6 0,40 
155.0 3.24 16,1 -16.5 0,40 
166 3.49 -16.4 0,40 






Time of starting =; 17.1Q hrg B.S.T, 25/2/69. 
Time, Ice. Freezing Anti-freeze Potentia 
Thickness Rate, Temperature. Differej 
(s) (mm) ( /m s ) ( °c) (V) 
0 0 -14.5 
38 0.59 „ 0.2 
43.0 0,72 16.^ 0.5 
57.3 0.91 -15.2 0.92 
65.8 1.19 19.7 -15.3 0.97 
84.2 1.A4 . -1.-0 
96.3 1,76 22.4 -16.2 1.0 
107 1.95 -16.2 1.0 
125.0 2,20 16.6 -16,0 0.90 
139 2.48 -16.0 0.90 
157.8 2.75 12.8 -16.0 0,87 
178.9 2.99 -15.9 0.85 
193.6 5.24 16.8 -15.8 0.80 
208.7 5.49 -15.7 0.75 
231.9 3.74 11.5 -15.6 0.73 
252 3.99 -15.5 0,65 
on stirring -0.07 
K Freezing face completely covered with ice, 
Run (8) 
Time of starting = 17.28 hrs B.S.T. 25/2/69. 
Time Ice Freezing Anti-freeze Potential 
Thickness. Rate. Temperature Difference. 
(s) (mm) ( ^ s - ' ' ) ( °C) (V) 
0 0 -13.8 
39 0.59 0.2 
42.5 0.72 * 19.6 -15.5 0.5 
55.3 0.91 -15.5 0.9 
69 1.19 18,7 -15.6 0.9 
83.7 1.44 -15.8 0.95 
100 1.76 15.8 -15.7 1.0 
116 1.91 -15.7 0.9 
129.0 2,20 20.2 -15.6 0.9 
142.2 2,48 -15.6 0.9 
164.9 2.75 13.4 -15.5 0.85 
180.4 2.99 -15.4 0.8 
203.9 3.24 13.8 -15.3 0.8 
216.6 3.49 -15.2 0.75 





Freezing face completely covered with ice, 
Run (9) 
Time of starting 10.20 hrs B.S.T. 26/2/69. 
Titos . Ice Freezing Anti-freeze Potential 
(s) 
Thickness. Rate Temperature, Difference 
(nm) (/an s-'') ( °c) (V) 
0 0 -15.5 0.1 
24.8 0.59 0.5 
32 0.72 26.2 3.8 + 
37 0.91 3.8 + 
43.9 1.19 3.8 + 
64.3 
1.4^ 27.3 3.8 + 
1.75 -20.0 3.8 + 
75.1 1.91 3.8 + 
87.9 2,20 20.4 3.8 + 
2,48 -20.5 3.8 + 
112.4 2.75 3.7 
126.0 2.99 17.5 -20,4 3.5 
140.3 3.24 -20.2 3.2 
154.5 3.49 3.0 
172 3.74 11.5 -19.7 3.0 
197.8 3.99 3.8 
on stirring -0.22 
Run (10) 
Time of starting = 10,40 hrs B.S.T. 26/2/69. 
Time, Ice Freezing Anti-freeze Potential. 
Thickness. Rate. Temperature, Difference, 
( 3 ) (mm) (^m a"") ( °c) (V) 
0 0 -13.0 
20 0,59 3.2 
23 0.72 32.7 2.5 
29.8 0.91 1.95 
40,1 1.19 28,5 1,10 
48,4 1.44 -18.7 0.7 
58.9 1.76 28.0 0,85 
66,6 1,91 -19,0 0,90 
77.3 2,20 26.0 1,0 
87 2.48 -18.9 0,9 
102 2,75 23,2 -18,7 0,8 
109 2,99 -18.4 0,7 
124.2 3.24 20,0 -l8o3 0,8 
134 3.49 -18,2 0,6 
152,5 3.74 16,9 0.6 
163,5 3.99 1.0 
on stirring -Ooll 
Run (11), 









(s) (mm) (^m s""") ( °c) (V) 
0 0 -15 4.2 
16 0.59 3.9 
19.1 0.72 39.0 3,2 
24.2 0.91 -17.5 1.6 
36.6 1,19 -17.7 0,9 
1,44 25.5 1,2 
54.2 1.76 -18,0 1,2 
65 1,91 1,2 
76.2 2,20 26.5 -18,1 1.15 
85 2,48 1.0 
98.2 2.75 20,4 •-17,8 1.0 
110 2,99 1,0 
124,3 3.24 18,5 -17.4 0.8 
137 3.49 -17,0 1.0 
153.4 3.74 16,7 -16,8 1,0 
167 3,99 -17.0 1.0 
on stirring -0.12 
Run (12) 









(s) (mm) (^m s'"^ ) ( °c) (V) 
0 0 
I5c5 0.59 5.6 
18.0 0.72 35.6 6 + 
24.5 0.91 -17.2 4.7 
32.5 1.19 27.5 3.4 
43.8 1.2A 1.8 
54.1 1.76 2 8.7 -18.0 1.2 , 
6i .6 1.95 -18.0 1.3 
73.6 2.20 24.5 -18.2 1.25 
83.2 2.48 -18.5 1.15 
97.7 2.75 20.4 -18.5 1.0 
108.2 2.99 -18.4 1.0 
121.2 3.24 20.3 -18.1 1,0 
132.8 3.49 -17.9 1.1 
148. 3.74 18.4 -17.5 1.1 
l60 3.99 
on stirring -0.10 
Run (13) 









(s) (mm) ( s ( ° c ) (V) 
0 0 -15.5 
24 0.59 0.20 
31 0,72 17.8 P.50 
42 0,91 rl7.P 4.8 
1,19 4.2 
71 1,Vf 17.7 -17.5 3.6 
86,2 1.76 3.35 
100.9 1.95 -17.9 2.8 
117.3 2,20 15.8 -18,0 2,6 
134.4 2,48 -18,0 2.5 
150 2.75 13.2 -17.8 2,5 
173 2,99 2.5 
184.4 3.24 15.7 2.6 
204 3.49 -16,6 2,65 
227 3.74 11.1 -16,4 2,65 
249 3.99 -16.4 2,65 
on stirring -0.10 
Run (14), 

















































































Time of starting = 14.38 hrs B.S.T. 26/2/69. 
Time, Ice Freezing Anti-freeze Potential 
Thickness Rate, Temperature, Difference, 
(s) (mm) ( jUra 3'^) ( % (V) 
0 0 -13.5 
0.59 0,5 
40,8 0,72 ^ 0.20 
49 0,91 -14,5 2.30 
60,0 1,19 20,6 -14,5 2,28 
74.7 1.44 -14,4 2.20 
90.6 1.76 16.2 -14,3 2.10 
106.2 1.95 -14,1 2,05 
125.3 2.20 12.7 -14.3 2,03 
147.8 2.48 -14.2 2,00 
164.4 2.75 15.4 -14.2 2,05 
181.0 2.99 -14,2 2,20 
204.5 3.24 12,5 -14,1 2.20 
221.1 3.49 -14,0 2.15 
249.0 3.74 9.90 -13,9 2.15 
271,6 3.99 -13,9 2.05 
on stirring -0.05 
K - Freezing face completely covered. 
Run (16) 









(s) (mm) —1 
(JX^ s ) ( ° o ) (V) 
0 0 -12,5 
26 0.59 0.20 
35 0.72 17.8 0.80 
i»4.0 0.91 1.95 
53.1 1.19 23.7 -14.0 1.93 
66.3 l . iA 1.80 
83.2 1.95 -13.6 1.80 
94.5 1.95 -13.6 1.81 
113.3 2.20 13.1 -13.5 1.90 
135 2.48 -13.6 1.90 
154.6 2.75 14.5 -13.4 1.82 
170.2 2.99 -13.4 1.72 
191,7 3.24 12.6 -13.3 1.6fi 
209.8 3.49 -13.2 1.60 
235.0 3.74 10.6 -13.2 1.50 
257.1 3.99 -13.2 1.50 
on stinring -0.04 
Run (17) 









(s) (mm) (yjim s" )^ ( ° c ) (V) 
0 0 -11.5 
35 0.59 -13.0 0.20 
40.5 0.72 22.5. -13.0 0.22 
49.2 0,91 -12.9 2.0 
63.1 1.19 16.2 -13.0 2.25 
81.9 1.44 -12.9 2.20 
95,2 1.76 16.5 -12.7 2.25 
112.8 1.95 -12.6 2.10 
132.7 2.20 13.7 -12.6 2.00 
151.6 2.48 -12.6 1.98 
171.8 2.75 13.7 -12.7 1.90 
188,7 2.99 1.85 
3.24 -12.7 1.83 
238 3.49 9.7 -12.7 2,00 
265.7 3.74 -12,7 2.00 
292.0 3.99 -12.7 1,80 
on stirring -0.03 
Run (18). 









(s) (mm) ( ^ m s""") ( ° c ) (V) 
0 0 
25.2 0.59 1,0 
31 0,72 17.2 5.6 
43.8 0.91 -9.0 6 + 
58.1 1.19 14.1 6 + 
81,3 1,44 -9.1 6 + 
100,8 1,76 -9.2 5.4 
1.95 -9.3 4.7 
139.0 2.20 13.8 -9.3 3.8 
156.7 2.4B -9.5 2,6 
2.75 -9.5 2,0 
202.2 2.99 10,9 -9.5 1.7 
225,0 3.24 -9.5 1.7 
249.1 3.49 -9.5 1.6 
280,5 3.74 8.9 1.6 
305.4 3.99 1.65 
on stirring 0 
Run (19) 









(s) (mm) (^m s"'') ( °c ) (V) 
0 0 -9,0 
12,0 0,59 5.2 
16,8 0,72 14.2 4.8 
34.6 0.91 5.2 
45.5 1,19 25.7 -9.6 5.6 
56,2 1.44 5.0 
73.0 1.76 16,6 4.2 
87 1.95 3.4 
109.1 2,20 2.75 
2.48 2.2 
149.4 2,75 13.5 -9.7 2,1 
164 2,99 -9.7 2.1 
194 3.24 -9.7 2.0 
230 3.49 -9.7 1,95 
3,74 9.6 -9.7 1.90 
267 3.99 1.80 
on stirring -0,005 
Run (20) 
Time of starting = : 15.05 hrs B.S.T. 27/2/69. 
Time. Ice Freezing Anti-freeze Potenti 
Thickness Rate, Temperature. Differe 
(s) (mm) (^m s"'') ( °c) (V) 
0 0 
18,0 0.59 5.6 
21 .4 0.72 32.7 -9.3 5.4 
27.8 0.91 4.3 
42.3 1.19 21,9 2.35 
52.0 1.44 2,15 
67.7 1.76 21,6 -9.7 1.0 
75.8 1.95 0.80 
91.4 2.20 17.0 -9.8 0.63 
107.0 2.48 i -9.8 0.60 
129.3 2.75 16.5 -9.9 0.61 
138 2.99 -1.9 0.62 
165.9 3.24 10.0 -10.0 0.63 
178.0 3.49 -10,0 0.70 
205.0 3.74 11.2 -10,0 0.80 
222.7 3.99 0.90 
on stirring +0.005 
Run (21). 
Time of starting = 15.40 hrs B.S.T, 27/^69, 
Time, Ice 
Thickness, 
Freezing Anti-freeze Potential 
Rate. Temperature. Difference, 
(s) (ram) (^m a"'') ( ° c ) (V) 
0 0 • 
12.0 0.59 5,4 
16.8 0.72 21,3 6.0 
27.0 0.91 5.8 
39.0 1.19 23,2 -10.1 4.2 
49.8 1,44 2.8 
69.0 1.76 17.8 -10,0 1.1 
78,5 1,95 -10.0 1.1 
101.9 2.20 13.1 -10.0 1.05 
118 2.40 -10.0 1.1 
135.7 2.75 14.8 -10.0 1.15 
152.4 2.99 -10.0 1.2 
175.4 3.24 12.0 -10.0 1.2 
194.0 3.49 -10.0 1 .2 
215.4 3.77 11.4 -10.0 1.1 
237.8 3.99 
on stirring 0 
Final Conductivity of solution = 9.50 X 10" 
pH of solution = 6.8 
at 16.05 hrs B.S.T. 27/2/69, 
m 
APPENDIX 5. 
The Results of the Freezing Tube Experiments. 
The graphs of voltage against time for the freezing 
tube experiments described in Cha^jter VII . Section VII . 2(c). 
The same sample of de-mineralised, distilled water 
was used for a l l the runs and it was the same as those used 
for the freezing cel l experiments described in Chapter VI and 
set out in Appendix 4, A recorder speed of 10 '•^  m s"^  was 
used. 
A l l the voltageis are recorded taking the value of the 
standing potential across the tube, just before the onset of 
freezing, ap zero. The potential i s that pf the upper electrode 
with respect to the Ij-ower, earthed electrode. Normally the water 
flowed i n through the lower, earthed femal.e e^-ectrode, but, when 
reversed, i t entered the tube through the upper, male electrode. 
The anti-freeze solution normally entered the cooling Jacket 
through the lower tube. 
Size of i n i t i a l Maximum size of Observations, 
peak, final,broad peak. 
(mV) (mV) 
Run(l) -2 -42 i n i t i a l ice shell 
appealed to melt 
completely and was 
then re-fornffid 
Run(2) +2 -25 dendrites grew out 
of the top of the 
tube when freezing 
commenced. 
Run(3) 0 ^ 0 
Run(i4.) 0 -30 
Run(5) +9 -15 dendrites i n i t i a l l y 





graph was obtained, 
with a secondary peak 
minimum of +4 mV. 
Run(6) +5 1^1 dendrites grew out pf 
the top pf the tube 
when freezing cpmmen-
ced. 
Size of i n i t i a l Maximum size of 
peak (mV) final,broad peak. 
(mV) Observations. 
Run(7) +3 -1^ i n i t i a l l y dendrites grew 
out of the tube. The 
same water flow rate as 
i n Run(6) was used. 
Run(8) +7 -20 i n i t i a l l y dendrites grew 
out of the tube. The 
same water flow rate as 
i n Run( 6) was used. 
Run(9) +6 -10 the same water flow 
rate as Run(6) was 
used, but the anti-
freeze flow direction 
was reversed. 
Rm(lO) +4 -7 water and anti-freeze 
directions nomal, but 
a very slow freezing 
rate was used, (Same 
water flow rate as 
Run (6 ) ) . 
Run(ll) +7 +20 direction of the 
water flow rate was 
reversed, 
Run(l2) +7 -25 direction of water 
flow rate was i n i t -
i a l l y reversed and 
f i n a l l y normal, 
Run(l3) +4 0 direction of water 
but going pos- flow rate was i n i t -
i t i v e . i a l l y normal and 
f i n a l l y reversed. 
(See also P ig . V I I . 9.) 
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